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Epothilone Analog 

Technical eaM of th# invfntiffl- 

The present invention relate, to epothilone A. epothilone B. epothilone analoos Utah. «r 
e*thi.one an*oga. an. metnoo, tor producing such compound, J£££ZZ 
71ZT ,S * M ' »«™ or for the JCet 

utZ^T^^ 

used in the synthesis of said compounds. 
Background of the Imenfla: 

Epothilone A (1, Figure 1) and epothilone B (2, Rgure 1) are natural substance, isolated 
from myxobacteria Sorangium ceflutosum strain 90. These natural substance, exhib* evtn. 
^^**o^^tumorce^^ 

or superior to Taxol. (For Taxol rrferences see Horwitz et al. Nature 277, eeZ^T 
Nicotoou et ... Angew. CNm. Int Ed Eng.. 33. 15*4 (1994,., Like taxol. ft. spothilone. 
are thought to exert their cytotoxicity by induction of microtubule as«m,bly and stabilization 
(Bollag et a!. Cancer Res. 55. 2325-2333 (1995,; Kowaistd etaLJ.Btol. Chem. 272 2534- ' 
2541 (1997,., Epothitones are reported to be about 2000-5000 time, more potent then 
Taxol with respect to the stabilization of microtubules. Despite the marked structural ditto, 
rences between the epothitones and Taxol™, the epothitones were (bund to bind to the 
same region on microtubules and to displace Taxol'- m*n its binding site. (Graver etal 
Seminars in Oncology 1992. 19. 622-539; Boitag etal. Cancer Res. 1995. 55. 2325-2333 
Kowelskl et ai. J. Blot Chem. 1997. 27* 2534-2541; Horwitz et al. Nature 1979. 277. 665- 
567; Nicolaou at ai. Angew. Chem. Int Ed Engl. 1994. 33. 15-44.) Epothitones A and B 
have generated Intense interest amongst chemists, biologists and clWci«» due to their no- 
vel rnctoc^ architecture. irnportam biological action and intriguing mechanism of action. 
(HOfle et at Angew. Chem. Int Ed. Engl. 35. 1557-1559 (1998); Qrever et al. Semin. Oncol. • 
19, 622-535 (1992); BoBag et al. Cancer Res. 55. 2325-2333 (1995); KowaJsM et al. J. Biol. 
Chem. 272, 2534-2541 (1997); Nicolaou et al. Angew. Chem. int Ed. Engl. 35, 2399-2401 
(1995); Meng et at J. Org. Chem. 81, 7998-7999 (1998); Bertfnato etal. J. Org. Chem. 81. 
8000-8001 (1998); ScMnzer et al. Chem. Eur. J. 2, 1477-1482 (1998); Mutter et al. Tetra- 
hedron Lett 37, 9179-9182 (1998): Claus et al. Tetrahedron Lett. 38. 1359-1362 (1997); 
Gabriel et al. Tetrahedron Lett. 38. 1363-1386 (1997); BatogetaL Angew. Chem. Int Ed. 
Engl. 33, 2801-2803 (1998); Yang et al. Angew. Chem. Int Ed. Engl. 38. 166-168 (1997); 
Nicolaou et al. Angew. Chem. Int Ed. Engl. 38, 525-527 (1997); ScMnzer et al. Angew. 



WO 98/25929 



-2- 



PCT/EP97/07011 



Chem int. Ed. Eng.. 36. 523-524 (1997); Meng at ai. J. Am. Cham. Soc. 1 19. 2733-2734 

a^B tn« Mh^ 9 an8l0fl * * epothnone A and B and libraries of analoga of epothilona A 
agls ' Pha^naCO,09iCa, propertia » in *• « "*™ubu.e stabilizing 

What is needed ar. methods for producing synthetic apothilon. A. epothilona 8. analogs of 
apothilone A and B. and libraries of apothilon, analogs, including epothiione analog, pos- 
sessing both optimum levels of microtubule stabilizing effects and cytotoxicity. 

Summary of the lnv«ntip n - 

The invention provides new ways of synthesis tor apothilone derivatives with advantageous 
pharmacological properties, especially due to better activities when compered wrtnTsxolor 
(especially with regard to the preferred compunds) comparable or better activities than than 
epothilones A or B. which, without said methods, would have been inaccessible, aa well as 
new synthetic methods tor the synthesis of apothilone A and apothilone B. 

In detail, the invention is directed to analogs of apothilone. More particularly, the invention 
is directed to compounds represented by the following structure (formula (|)) : 




wherein n is 1 to 5, preferably 3 or in a broader aspect of the invention 1. In a preferred 
embodiment, either R» is -OR, andR~is hydrogen, or R* and R*» together form s further 
bond so that a double bond is present between the two carbon atoms carrying R« and R-; 
R 1 '» a radical selected from the group consisting of hydrogen (preferred) or methyl, or (in a 
brosder aspect of the invention) s protecting group, especially from the group comprising 
fertbub/tdimethylailyl. trimethylsilyl, acetyl, benzoyl, and fert-butoxycarbonyl; R 2 is s radical 
selected from the group consisting of hydrogen, methylen and (preferably) methyl; R3 la a 
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radical selected from the group consisting of hydrogen, methylene and (preferably) methyl- 
R 4 « a radical selects from the group consisting of hydrogen (preferred) or methyl, or i, a 
protectmg group, prefe rabry selects from the group consisting of ^utyldimetnyleiM 
tnmethyl^yl. acetyl, benzoyl, and ferttutoxycarbonyl; R 5 i. a radical selected from the 
group consisting of hydrogen, methyl. -CHO. -COOH. .CC^M.. -CO^butyl). .CO,(,so- 
propyO. -C0 2 (phenyl). ^(benryl). -CONH(furturyl), .C0 2 (Mber«o.(2R 3S)-3- 
phenyliaoserine). -CON(methyl) 2 . -CON (ethyl) 2 . -CONH(benzyl). -CH=CH 2 . HC=C- . and 
•CH 2 R 1 , ; R, , i, a radical selected from the group consisting of -OH. -O-Trityl. .0.(0, -Ca 
alkyl). .<C,-C 6 alkyl). -O-bereyt. -O-allyf, -aC0CH 3 . -0-COCH 2 a. -O*0CH 2 CH 3 -0- 
COCF 3 , ^>COCH(CH3, 2 . -OCr>C(CH3)3, -0-CO(cyclopropar*),OCO(cycionexai 10 ) -O- 
COCH-CH 2 . -OCO-Phenyl, -O-(2-furoy0. •0-(^ben 2 o-( 2 R,3S)-3^enyiisos«nne) -O 
cirmamoyl. -CfaeetyHDhenyl). -0-(2.thlophei«sulfonv.). -S^-Oa alkyl). -SH. -S-Phenyl - 
S-Banzyl, -S-furfUryl. -NH 2 , -N* -NHCOCH 3 , -NHCOCH^. •NHCOCH 2 CH3, -NHCOCF3 
-NHCOCH(CH3) 2 ..NHCO*(CH3k^ . 3 ' 

NHCOCH.CH 2 , -NHCO-Phenyl, -NH(2.furoyl). •NH.(A^berao-(2R.3S)^er V lisoserine) - 
NH-(cinnamoyO. ^H.(acetyH*enyO. •NH-(2-thiopher^|fony|). .p, -CI, I, -CH 2 C02H and 
methyl; Rg is absent methylene, or oxygent^iahydrogen^R 8 is a radical selected from 
the group represented by the for-mutas: 

wherein R, is a radical selected from the group consisting of hydrogen and methyl; R., 0 is a 
radical selected from the group represented by the formulas; 
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wherein Rx is acyl, especially lower alkanoyt, such as acetyl; 

Ria is a radical selected from the group consisting of hydrogen, methyl or a protecting 
group, preferably tertbutyldiphenylsilyl, fartbutyidimethytsilyf, trimethylsilyl, acetyl, benzoyl, 
tert-butoxycarbonyl and a group represented by any on of the following formulae 




or (in a broader aspect of the invention) a salt thereof where a salt-forming, group is present 
Preferably, the compound of th formula I has the formula IA 
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or methyl, or (in a b 




(IA) 



wherein the moieties and symbols have the manings just defined for a compound of the 
formula I. 

In the above structures, "a- can be either absent or a single bond; V can be either a single 
or double bond; v can be either absent or a single bond; 'd- can be either absent or a 
single bond. However, the following provisos pertain: 

1 . If R 2 is methylene, then R 3 is methylene; 

2. if R 2 and R 3 are both methylene, then • a ' is a single bond; 

3. if R 2 and R 3 are selected from the group consisting of hydrogen and methyl, then 
the single bond ■ a ■ is absent; 

4. if n is 3. R 2 is methyl. R3 is methyl. Rj is selected from the group consisting of 
methyl and hydrogen, R* is oxygen, R 7 is hydrogen, R 8 is represented by the 
formula: 




wherein R, ie hydrogen, end R, 0 is represented by the formula 

then R 1 and R 4 cannot both be simultaneously hydrogen or methyl or acetyl: 

5. if R 6 is oxygen, then 'c' and M" are both a single bond and V is a single bond; 

6. if R 6 is absent then 'C and 'd - are absent and V is a double bond; 

7. if 'b' is a double bond then R 6 , V, and 'd - are absent; 
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Especially preferred is the use.of said compounds tor the treatment of resistant (especially 
drug resistant) tumours or tor the preparation of a pharmaceutical preparation tor the 
treatment of drug resistant tumors, or a pharmaceutical preparation for or a method tor the 
treatment of a mammal, especially a human, having a proliferative disease that is resistant 
to treatment with other chemotherapeutic agents, especially Taxol, tor or by administration 
to a mammal, especially a human, in need of such treatment, and especially the use of the 
protected forms of the compounds tor the synthesis of the free compounds. 

Brief Description of Fjguag: 

Figure 1 illustrates the structure and numbering of epothilone A (1) and B (2). 

Rgure 2 illustrates the retrosynthetic analysis of the natural product compound epothilone A 

Figure 3 illustrates the synthesis of 3 building block substrates wherein A) represents the 
synthesis of aldehyde 7 with reagents and conditions as follows: (a) 1 .05 equivalents of 
NaHMOS, 2.0 equivalents of rvCrfU 3.0 equivalents HMPA, -78 to 25 'C . 5 hours; {b)1 .1 
equivalents of LiAIH 4 . THF, -78 •C, 15 minutes. 60% (2 steps); (c) 1 .5 equivalents of NMO. 
5 mol % of TPAP. Methylene chloride, 4 A MS. 25 °C. 0.5 hour. 85%. NaHMOS . sodium 
bia(trimethylsilyl)amide; HMPA - hexamethytphosphoramide. NMO - 4-methylmorpnoline-N- 
oxide; TPAP . tetrapropyt ammonium perruthenate: 8) represents the synthesis of alcohols 
18a and 18b. Reagents and conditions: (a) 1.3 equivalents of TPSO. 2.0 equivalents of 
imidazole, OMF. 0 to 25 'C, 1 .5 hours (80% of 17a. 84% of 17b); (b) 1 .25 equivalents of 
tetravinytun. 5.0 equivalents of rvBuU. THF. -78 e C. 45 minutes, than 2.5 equivalents of 
CuCN in THF, -78 to -30 °C; then 178 or 17b in THF. -30 *C, 1 hour, 18a (86%), 18b 
(63%) (TPS - SIPhgtBu); C) r epfsee nt a tha synthesis of ketoacid 21. Reagents and 
conditions: (a) 1 .2 equivalents of 18, 1 .6 equivalents of NaH. THF. 0 * 25 C. 1 hour, 88%; 
(b) CF 3 COOH:Methy1ena chloride (1 :1), 25 C. 0.5 hour. 99%. 

Rgure 4 illustrates tha synthesis of tha epothilone cyclic framework via olefin metathesis: 
the 15S series. Reagents and conditions: (a) 1 .2 equivalents of EOC. 0.1 equivalent of 4- 
DMAP. Methylene chloride, 0 * 25 'C. 12 hours. 86%; (b) 21. 1.2 equivalents of IDA, -78 
C <* -40 °C. THF, 45 minutes; than 1 .6 equivalents of 7 in THF. -78 * -40 •C. 0.5 h. 23 
(42%). 24 (33%); (c) 0.1 equivalent of Rua 2 («CMPh)(PCy3) 2 , methylene chloride. 25 *C. 
1 2 hours. 28 (85%). 26 (79%); (d) 20 equivalents of TBAF, 5.0 equivalents of AcOH. 25 •C. 
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36 hours. 27 (92%). 28 (95%). OCC = dicyclohexylcarbodiimido. 4-DMAP = 4-dimethylami. 
nopyndine, LDA * lithium diisopropylamide. 

Figure 5 illustrates the synthesis of the epothilone cyclic framework via olefin metathesis- 
the 1 5fl series. Reagents and conditions: (a) 1 .4 equivalents of DCC. 1 .4 equivalents of 4- 
DMAP. toluene, 25 °C. 12 hours. 95%; (b) 21. 1.2 equivalents of LDA, -78 9 C •» -40 »C. 
THF. 45 minutes; then 1 .6 equivalents of 7 in THF. -78 -> -40 'C. 0.5 hour. 29 (54%) 30 
(24%); (c) 0.1 equivalent of RuC^-CHPhNPCy^. methylene chloride, 25 'C, 12 hours 
31 (80%), 32 (81%). 

Figure 6 illustrates the metathesis approach and epoxidation in the presence of thiazole: 
synthesis of epothilone analogs 39-44. Metathesis and epoxidation in the presence of 
thiazole: synthesis of epothilone analogs 39-M. Reagents and conditions: (a) 21. 2.3 
equivalents of LDA, -78 •* -30 °C, THF. 1 .5 hours: then 1 .8 equivalents of 7 in THF. -78 
•> -40 °C. 1 h (33:34, 2:3); (b) ca 2.0 equivalents of 9, ca 1 .2 equivalents of EDC, ca 0.1 
equivalent of 4-DMAP. methylene chloride, 0-»25°C, 12 hours. 38 (29%). 8 (44%) (2 
stepa); (c) 0.1 equivalent of RuCty-CHPhHPCys)* methylene chloride. 25 'C. 12 hours. 7 
(86%). 38 (66%); (d) 0.9-1 .2 equivalents of mCPBA, CHCI3, -20 * 0 °C, 1 2 hours. 37 •» 
39 (or 40) (40%). 40 (or 39) (25%). 41 (18%); 38 •> 42 (or 43) (22%). 43 (or 42) (1 1%), 44 
(7%); (e) excess of CF3COCH3, 8.0 equivalents of NSHCO3 • 5 0 equivalents of Oxone*. 
CHaCN/NajEDTA (2:1). 0°C,37 39 (or 40) (45%). 40 (or 39) (28%); 39 - 42 (or 43) 
(60%), 43 (or 42) (15%). mCPBA - meta-chloroperoetttoic add. 

Figure 7 illustrates the coupling of building blocks 6-8. Reagents and conditions: (a) 8. 2.3 
equivalents of LDA, -78 * -301:, THF. 1 .5 hours; then 1 .8 equivalents of 7 in THF. -78 •» 
-*0'C. 1 hour (48:48. 3:2); (b) ca2.0 equivalents of 6, ca 1.2 equivalents of EDC, caO.I 
equivalent of 445MAP. methylene chloride. 0 «» 25*C. 12 hours. 4 (52%). 47 (31%) (2 
steps). 

Figure 8 illustrates the epoiddatien of epothilone framework: total synthesis of epothilone A 
(1) and analogs 81-87. Epox Ma flon of epothilone framework: total synthesis of epothilone 
A (1) and analogs 51*87. (a) 0.1 equivalent of RuCty-CHPhXPCyaJj. methylene chloride, 
2S*C, 20 hours. 3 (48%). 48 (39%); (b) 20% CF3COOH in methylene chloride. 0 *C, 3 h. 3 
•» 49 (90%); 48 + 50 (92%); (c) 0.8-1 .2 equivalents of mCPBA, CHO3, -20 •» 0 *C, 1 2 
h. 49 •» 1 (35%), 51 (13%), 52 (or 83) (9% ). 53 (or 52) (7%), 84 (or 58) (5%), 58 (or 54) 
(5%); 1 •» 84 (or 66) (35%%). 56 (or 54) (33%). 57 (6%); (d) 1 .3-20 equivalents of mCPBA. 
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CHCI 3l -20 * 0 12 hours, 1 (15%). 51 (10%), 52 (or 53) (10% ), 53 (or 52) (8%) 54 (or 
55) (8%), 55 (or 54) (7%), 56 (5%), 57 (5%); (e) 1 .0 equivalent of dimethyldioxirane ' 
CH^acetone. 0 C, 1 (50%), 51 (15%), 52 (or 53) (5%), 53 (or 52) (5%); (f) excess of 
CF3COCH3, 8.0 equivalents of NaHC0 3 , 5.0 equivalents of OxoneG, CH 3 CN/Na,EDTA 
(2:1), 0C,1 (62%), 51 (13%). 2 

Figure 9 illustrates the synthesis of epothilones 5640. Reagents and conditions: (a) 0.9-1 .3 
equivalents of mCPBA, CHCI3, -20 to 0 'C. 12 hours. 58 (or 59) (5%), 59 (or 56) (5%). 60 
(60%); (b) 1 .0 equivalent of dimethyldioxirane, methylene chloride/acetone, 0 *C, 56 (or 59) 
(10%), 59 (or 56) (10%), 60 (40%); (c) excess of CF3COCH3, 8.0 equivalents of NaHC0 3 
5.0 equivalents of Oxone®, MeCN/Na 2 EDTA (2:1). 0 C, 56 (or 59) (45%), 59 (or 56) (35%). 

Figure 10 illustrates the synthesis of epothilones 64-69. (a) 20% CF3COOH in methylene 
chloride, 0 «C. 3 h, 90%; (b) 0.1 equivalent of RuCI 2 (»CHPh)(PCy3) 2 , methylene chloride, 
25 «C, 20 h, 62 (20%). 63 (69%); (c> 0.8-1 .2 equivalents of mCPBA, CHd 3 , -20 * *0 C, 12 
hours. 62 + 64 (or 68) (25%), 68 (or 64) (23%); 63 * 67 (or 66) (24%), 68 (or 67) (19%), 
69 (31%); (d) excess of CF3COCH3, 8.0 equivalents of NaHC03 , 5.0 equivalents of 
OxoneG. CH 3 CN/Na 2 EDTA (2:1), 0 C, 62 * 64 (or 65) (58%), 68 (or 64) (29%); 63 + 67 
(or 66) (44%), 66 (or 67) (21%). 

Figure 1 1 illustrates the molecular structures and retrosynthetlc analysts of epothilones A (1) 
and B (2) using the macrolactonization approach. 

Figure 1 2 illustrates the synthesis of 2 building block substrates wherein A) represents the 
synthesis of keto acid 76. Reagents and conditions: (a) 1 .2 equivalents of (♦)-lpc 2 B(allyl), 
Et 2 0, .100-C, 0.5 hour. 74% (ee >98% by Mosher ester analysis); (b) 1.1 equivalents 
TBSOTf, 1 .2 equivalents of 2,6-kJtkHne, methylene chloride. 25 # C, 98% ; (c) O3, methylene 
chloride, ^S'C, 0.5 hour; then 1.2 equivalents R^P, -78 * 25 # C, 1 hour, 90%; (d) 3.0 
equivalents of NaCIO^ 4.0 equivalents of 2-methyi-2.butene. 1 .5 equivalents of NaH 2 P0 4 . 
!BuOH:H 2 0 (5:1), 25 # C, 2 hours, 93%; B) represents the synthesis of phosphonium salt 79 
and aldehyde 62. Reagents and conditions: (a) 1.6 equivalents of DIBAL, methylene chlo- 
ride, -78 # C, 2 hours, 90%; (b) Ph 3 P«C(CH3)CHO, benzene, reflux. 98%; (c) 1.5 equivalents 
of (+)-lpc 2 B(ailyl), Et 2 0, -100 # C, 0.5 hour, 96% (ee >97% by Mosher ester analysis); (d) 
1 .2 equivalents TBSCI, 1 .5 equivalents of imidazole, DMF, 0 * 25 # C, 2 hours, 99%; (e) I. 
1 .0 mol % Os0 4 . 1.1 equivalents of 4-metnytmorphoiine Moxtde (NMO), THRfiuOHiH^ 
(1:1: 0.1), 0 -» 25*C. 12 hours. 98%; H. 1.3 equivalents of Pb(OAc) 4 . EtOAc. 0*C. 0.5 h, 
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98%; (Q 2.5 equivalents of NaBH 4 . MeOH, O'C. 15 minutee. 96%; (g) 1. S equivalent, of I, 
3.0 equivalents of imidazole. 1.5 equivalents of Ph 3 P, Et 2 0:MeCN (3 : 1), O'C 0 5 hour 
89%; g. 1 . 1 equivalents Ph 3 P, neat. 1 0O'C. 2 hours. 98%. 

Figure 13 illustratea the synthesis of aldehyde 77 and ketone 78. Reaganta and conditions- 
fa) 1 .1 equivalents of LOA, THF. O'C. 8 hour,; then 1 .5 equivalents of 4-iodo-1-benryloxy.' 
butane in THF. at -100 * 0-C. 6 h. 92% (de >98% by 1 H NMR); (b) O3. methylene chloride. 
•78'C. 77% or Mel,60'C. 5 hours; then 3 N aq HQ, n-pentane. 2S«C, 1 hour. 86%; (c) 3 0 
equivalents of NaBH 4 , MeOH, 0*C. 15 minutes. 98%; (d) 1 .5 equivaJenta of TBSCI. 2.0 
equivalents of Et 3 N, methylene chloride. 0 •» 25'C, 12 hours. 95%; (e) H 2 . Pd(OH) 2 cat 
THF. 50 psi, 25«C. 15 minutee. 95%; (f) 2.0 equivalents of (COO) 2 . 4.0 equivalents of 
DMSO. 8.0 equivalents of Et 3 N. methylene chloride. -78 * 0«C, 1.5 hours, 98%; (g) 1.5 
equivaJenta of MeMgBr. THF. 0*0, 15 minutee, 84%; (h) 1.5 equivaJenta of NMO* 0.05 
equivalent of tetra-Apropylammonium perruthenate (TPAP), 4A MS, Methylene chloride, 
25*C. 45 min, 96%. 

Figure 14 illustrates the total synthesis of epothilone A (1) and its SSjadiaatereoisomers 
(111 and 112). Reagents and conditions: (a) 1 .2 equivalents of 79, 1 .2 equivalents of 
NaHMOS, THF. 0«C, 1 5 minutee, then add 1 .0 equivalent of aldehyde 77. 0'C. 1 5 min, 77% 
(Z : E ea. 9 : 1 ); <b) 1 .0 equivaJent of CSA portJonwtee over 1 hour, methylene chtort- 
de:MeOH (1 : 1). 0 * 25*C, 0.5 hour, 86%; (c) 2.0 equivalents of SO^pyr., 10.0 equiva- 
lents of OMSO. 5.0 equivaJenta of Et 3 N, methylene chloride. 2S*C. 0.5 hour. 94%; (d) 3.0 
equivalents of LOA, THF, 0*0, 1 5 minutee; then 1 .2 equivalents of 76 in THF, -78 •¥ -40°C, 
0.5 hour; then 1 .0 equivalent of 74 in THF at -78*C, high yield of 103a and its 6S.7fl-dlaate- 
reoisomer 103b (ea. 1 : 1 rate); (e) 3.0 equivaJenta of TBSOTf. 5.0 equivaJenta of 2.6-lutkti- 
ne, Methylene chloride, 0*C, 2 hours: (1) 2;0 equivalents of K 2 C0 3 , MeOH. 25 # C. 1 5 mm. 
31 % of 106 and 30% of 6S,7*0iastereoisomer 1 06 from 74; (g) 6.0 equivalents of TBAF. 
THF. 2S*C, 6 hours, 78%; (h) same as g, 82%; (i) 5.0 equivalents of 2.4.8-trichloroberuoyl- 
chloride, 6.0 equivalenta of Et 3 N, THF. 25'C. 15 minutes: then add to a solution of 10.0 
equivalents of 4-OMAP in toluene (0.0O2 M baaed on 72). 2S*C. 0.5 hour. 90%; (j) same aa 
/. 85%; (k) 20% CF 3 COOH (by volume) in methylene chloride, 0*C, 1 hour, 92%; (I) same 
as K 95%; (m) metiiyl(trffluoromethyOdio)drane, MeCN, 0*C, 75% (ea 5:1 ratio of diastsreo- 
isomers); (n) same earn, 87% (111 :112ea2: 1 ratio of diastereoisomers. tentative stereo- 
chemistry). 
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Figure 1 5 illustrates the synthesis of compound 101. Reagents and conditions: (a) 1 .5 equi- 
valents of l 2 , 3.0 equivalents of imidazole, 1.5 equivalents of Ph 3 P, Et 2 0:MeCN (3:1), 
0°C. 0.5 hour, 91%; (b) 1.1 equivalents Ph 3 P, neat. 100 # C, 2 hours. 91%; (c) 1.2 equiva- 
lents of 114, 1 .2 equivalents of NaHMDS, THF. 0°C, 15 minutes; then add 1 .0 equivalent of 
aldehyde 82, 0°C. 15 minutes. 69% (Z: Eca9: 1). 

Figure 1 6 illustrates the total synthesis of epothilone B (2) and analogs. Reagents and con- 
ditions: (a) 1 .5 equivalents of 79, 1 .5 equivalents of NaHMDS, THF, 0°C, 1 5 minutes, then 
. add 1.0 equivalent of ketone 78, -20°C, 12 hours, 73% (2: Sea 1 : 1); (b) 1.0 equivalent of 
CSA portidnwise over 1 hour, methylene chloride:MeOH (1:1), 0 # C; then 25*C, 0.5 hour, 
97%; (c) 2.0 equivalents of S0 3 .pyr„ 10.0 equivalents of DMSO, 5.0 equivalents of Et 3 N, 
methylene chloride, 25 P C, 0.5 hour, 95%; (d) 3.0 equivalents of LDA, THF, 0°C, 15 minutes; 
then 1 .2 equivalents of 78 in THF, -78 * -40*C, 0.5 hour, then 1 .0 equivalent of 75* in THF 
at -78*C, high yield of 1178* and its 6S,7fl-dlastereoisomer 117b' (cm 1 : 1 ratio); (e) 3.0 
equivalents of TBSOTf, 5.0 equivalents of 2,6-lut*dlne, methylene chloride, 0*C, 2 hours; (f) 
2.0 equivalents of KgCO^ MeOH, 25*C, 15 minutes, 31% of 119* and 30% of 6S,7fWia- 
stereoisomer 120* from 75'; (g) 6.0 equivalents of TBAF. THF, 25 # C, 8 hours, 75%; (h) 1 .3 
equivalents of 2,4,6-trichlorobenzoyfchloride, 2.2 equivalents of Et 3 N, THF, 0*C, 1 hour 
th n add to a solution of 10.0 equivalents of 4-DMAP in toluene (0.002 M based on 7T) t 
25°C, 12 hours, 37% of 121; and 40% of 122; (i) 20% CF 3 COOH (by volume) in methylene 
chloride, -10 + 0*C, 1 hour, 91%; Q) same as 4 89%; (k) dimethyldioxirane, methylene 
chloride, -50 # C, 75% (2 : 1 24 cm 5 : 1 ratio of diastereoisomers) or 1 .5 equivalents of 
mCPBA, benzene. 3*C, 2 hours, 66% (2 : 124 ca 5 : 1 ratio of diastereoisomers) or me- 
thyl(trifluoromethy1)dioxirane, MeCN, O'C, 85% (2 : 124 cm 5 : 1 ratio of diastereoisomers); 
(I) 1.5 equivalents mCPBA, benzene. 3*0, 2 hours, 73% (128 : 128 cm 4 : 1 ratio of stereo- 
isomers) or methy!(trtfluoromett MeCN, 0*C, 86% (128 : 128 ca 1 : 1 ratio of 
diastereoisomers). 

Figure 1 7 illustrates the stereoselective synthesis of aldehyde 78 for epothilone B (2). Re- 
agents and conditions: (a) 1.5 equivalents of 83, benzene, reflux, 5 hours, 95%; (b) 3.0 
equivalents of DIBAL, methytene chloride, -78*C, 2 hours, 98%; (c) 2.0 equivalents of 
Ph 3 P, CCI4. reflux, 24 hours. 83%; (d) 2.0 equivalents of UEt 3 BH, THF, 0 # C, 1 hour, 99%; 
(e) 1 .2 equivalents of 9-BBN, THF, 0 # C, 2 hours, 91 %; (f) 1 .5 equivalents of l 2 , 3.0 equi- 
valents of imidazol , 1 .5 equivalents of Pf^P, Et 2 0:MeCN (3:1), 0 # C, 0.5 hour, 92%; (g) 
1 .5 equivalents of 80, 1 .5 equivalents of LDA, THF, 0*C, 8 hours; then 1 .0 equivalent of 81 
in THF, -100 + -20*C. 10 hours, 70%; (h) 2.5 equivalents of monoperoxyphthalic acid, 
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magnesium salt (MMPP), MeOH:phosphate buffer pH7 (1:1), O'C, 1 hour , 80%; (i) 2 0 
equivalents OIBAL, toluene, -78*C. 1 hour. 82%. ' ' 

Figure 18 illustrates the first stereoselective total synthesis of epothilone S (2). Reagents 
and conditions: (a) 3.0 equivalents of LOA. THF, O'C. 15 minutes; then 1.2 equivalents of 
78 in THF, -78 -9 -40'C, 0.5 hour, then 1 .0 equivalent of 75 in THF at -78«C. high yield of 
117a and 6S.7*dlastereoisomer 117b (ea 1.3 : 1.0 ratto of dlastereoisomers); (b) 3.0 equi- 
valents of TBSOTf. 5.0 equivalents of 2.6-lutldine. methylene chloride. O'C. 2 hours; (c) 2 o 
equivalents of KjCOj, MeOH, 25'C. 1 5 minutes. 32% of 119 and 28% of 8S.7*diastereo- 
isomer 1 19 from 75; (d) 8.0 equivalents of TBAF, THF. 2S'C, 8 hours. 73%; (e) same as d. 
71%; (f) 3.0 equivalents of 2.4.6-trichlorobenzoylchloride r 6.0 equivalents of Et 3 N, THF. 
25'C. 1 5 minutes, then add to a solution of 10.0 equivalents of of 4-DMAP in toluene (0.002 
M based on 73). 25'C, 12 hours, 77%; (g) same as f. 76%; (h) 20% CF3COOH (by volume) 
in methylene chloride. O'C, 1 hour, 91%; (I) see Figure 16. 

Figure 1 9 illustrates the second stereoselective synthesis of epothilone B (2). Reagents 
and conditions: (a) 1 .2 equivalents of LOA. THF. O'C, 1 5 minutes; then 1 .2 equivalents of 
136 in THF, -78 <♦ -40'C. 1 noun then 1.0 equivalent of 75 in THF at -78»C, 85% of 137 
and 6S,7*dlaatereoiaomer 139 (ea 3 : 1 ratio); (b) 1.2 equivalents of TBSOTf. 2.0 equi- 
valents of 2,Wutidine, methylene chloride, O'C. 2 hours. 96%; (c) 1.0 equivalent of CSA 
portfonwiae over 1 hour, methylene chtoride:MeOH (1 : 1). 0 25'C, 0.5 hour. 85%; (c) 2.0 
equivalents of (COCQ 2 . 4.0 equivalents of OMSO, 6.0 equivalents of Et 3 N. methylene 
chloride, -76 «9 O'C, 1.5 hours, 95%; (d) 3.0 equivalents of NadO* 4.0 equivalents of 2- 
methyt-2-butene. 1.5 equivalents of NaHgPO* fiuOH:H 2 0 (3:1), 25 •C. 2 hours. 90%. 



Figure 20 illustrates the rotresynthetic analysis of epothilone A (1) by a solid phaae olefin 
metathesis strategy wherein TBS - f-BuM^Si; filled circle - polystyrene. 



Figure 21 illustratae the soH phase synthesis of epothilone a wherein: (a) 1,4-butanedioi 
(5.0 eq.). NaH (5.0 eq.). o8u 4 NI (0.1 eq.). DMF. 25 C, 1 2 hours; (b) Pt^P (4.0 eq.), I 2 
(4.0 eq.), imidazole (4.0 eq.), methylene chloride. 25 C, 3 hours: (c) PtfejP (10 eq.), 90 C, 
12 hours (>90 % for 3 steps based on mass gain of polymer); (d) NaHMOS (3.0 eq.), 
THF.0MSO (1 :1). 29 C. 12 hours; (e) 149 (2.0 eq.). THF, 0 C. 3 hours (>70% based on 
aldehyde recovered from ozonotysis); (f) 10% HF*pyridine in THF, 25 C. 12 hours; (g) 
(COCQs (4.0 eq.). OMSO (8.0 eq.). Et 3 N (12.5 eq.), -78 25»C(ea, 95% tor 2 steps)*: (h) 
144 (2.0 eq.). LOA (2.2 eq), THF, -78 -40 C. 1 hour then add resulting enoiate to the resin 
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suspended in a ZnD 2 (2.0 eq.) solution in THF, -78 + -40 °C, ^o hours (ea. 90%)- (i) 143 
(5.0 eq.,, DCC (5.0 eq), 4-DMAP (5.0 eq.), 25 C, 1 5h (80% yi Id as determined by recove- 
red heterocycle fragments obtained by treatment with NaOMe); (j) 153 (0.75 eq ) methyle- 
ne chloride, 25 C, 48 hours (52%; 154:153:156:141 . ca. 3:3:1:3); (k) 20% TFA in methy. 
lene chloride <v/v), 92% for 157 and 90% for 158; (I) 160 [methyl(trifluoromethyl)dioxiranel 
MeCN, 0 *C, 2 hours (70 % for 1, 45 % for 159; in addition to these products, the corres- ' 
ponding a-epexides were also obtained). NaHMDS « sodium bis(trimethyisilyl)amide; 
DMSO = dimethyl sulfoxide; LDA » lithium diisopropylarnkJe; TBS « t-BuMe^; 4-DMAP = 
4-dimethylaminopyridine. * Estimated yield. The reaction was monitored by infrared (IR) 
analysis of polymer-bound material and by TLC analysis of the products obtained by 
ozonolysis. 

Figure 22 illustrates activity of epothilones on tubulin assembly. Reaction mixtures contai- 
ned purified tubulin at 1.0 mg/ml, 0.4 M monosodium glutamate, 5% dimethyl sulfoxide, and 
varying drug concentrations. Each compound was evaluated in three different experiments 
and average values are shown. Samples were incubated, centrifuged. and processed at 
room temperature (dark circle • 71 . ECjq » 3.3 t 0.2 nM; dark triangle « 2. EC^ - 4.0 ± 
0.1 11M; open circle » 1, EC50 « 14 1 0.4 nM; open square » taxol, EC^ - 15. 1 2 \tM; open 
triangle * 125, EC 50 - 22 1 0.9 mM; dark square « 156, ECso - 25 1 1 iaM; open upside 
down triangle » 123, EC^ - 39 1 2 pM. The EC^ is defined as the drug concentration that 
causes 50% of the tubulin to assemble into polymer. In the absence of drug, less than 5% 
of the tubulin was removed by centrtfugatfon, while with high concentrations of the most 
active drugs, over 95% of the protein formed polymer. This suggests that at least 90% of 
the tubulin had the potential to interact with epothilones and taxoids. Although the EC50 
value obtained for taxol was higher than that obtained in an alternate assay as described in 
Hofle at al. Ang^w. Ctwn lnt Ed EnglU, 1567-1569 (1996), the agents role in these 
experiments was only as a control. 

Figure 23 provides a table of results from cytotoxicity experiments with 1A9, 1 A9PTX10 (8- 
tubulin mutant), 1 A9PTX22 (6-tubulin mutant) and A2780AO cell lines showing relative acti- 
vities of epothilones A (1) and B (2) as compared with synthetic analogues 71, 156, 123 and 
1 25 as inducers of tubulin assembly and inhibitors of human ovarian carcinoma ceH growth, 
(a) See Figure 22; (b) The growth of all cells lines was evaluated by quantitation of the pro- 
tein in microliter plates. The parental cell line 1 A9, a done of the A2780 ceil line, was used 
to select two Taxoi-resistant sublines (1A9PTX10 and 1 A9PTX22). These sublines were 
selected by growth in the presence of Taxol and verapamil, a P-gh/coprotein modulator. 
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Two distinct point mutations in the 8-tubu.in isotypa M40 gen. Wtfe identj(Seo . ,„ , ^ 
am.no ac,d res,du. 270 was changed from Pha (TTT) to Val (GTT), and in lAOPT^Z 

£ - * 7 T* 9 ,9Ve " " P ^^- resistanc. refer, to the 

ratio of die «« value obtained with a resistant cell line to that obtained with the parental 
cell lino. 



Figure 24 illustrates the structure and numbering of epothilone A (1) and epoxalon. A (2). 

Figure 25 illustrate, the coupling of buiiding block, and constructton of precursor, ,«4 and 
165. Reagent, and condition,: (a) 2.4 equivalent, of LOA. -40 'C. THF. 1.5 hour, then 7 
« THF. -40 -C. 0.5 hour 94% (45:46 c.5:3); (b) 1.2 equivalents of (♦).|pc 2 B(alM) 'b,0 - 
100 -C. 0.5 hour. 91%; (c, 2.0 equivaient, of 163. 1.5 equrval**, of OCf?i.5 equrvdert. 
of 4-DMAP, toluene. 25 'C. 12 hours. 49% (164) pius 33%(165) for two steps. TBS • tert- 
butyldimethylsilyl; ipcjBfailyO - diisopirKxampheylaJIyi borane; LOA . lithium diisopropyl- 
amtoe; DCC - dicyctohexvtcartxxiUmkle; 4-DMAP « 4-<*rnetovlaminopyridine. 

Figure 26 illustrates the olefin metathesis of precursor 164 and synthesis of epoxaiones 
161, 171, 170 and 172. Reagents and conditions: (a) 20 mol % of RuCty-CHPhNPCy*), 
cat. CH 2 Cl2. 25 'C. 20 hours. 40% (166) plus 29% (167); (b) 20% TFA in CH^. 25 «C 2 
h, 89% (168). 95% (168); (c) CHgCN/NagEDTA (2:1). 10.0 equivaients of CFaCOCK,. 8.0 
equivaJents of NaHCQs, 3 0 equivalents of Oxone*. 0 C. 34% (161) phn 15% (170). 25% 
(171) piu, 20% (172). TFA . trifluoroacetic acid. The tentative stereochemical assignments 
of epoxides 161, 171, 168, 168, 170 and 172 were based on the higher potencies at 161 
and 171 in the tubulin polymerization anay as compared to those of 170 and 172 respec- 
tively (see Figure 28% 

Figure 27 illustrate, the olefin metathesis of C8-7 diastereomeric precursor 168 and syn- 
thesis of epoxaionee 178-160. Reegenta and conditions, (a) 20 mol % of 
RuCl2(-CHPh)(PCy3) a cat. CH2CI2. 25 C. 20 hours. 25% (173) plus 63% (174); (b) 20% 
TFA in CHjda. 25 C. 2 hours. 75% (178). 72% (178); (c) CHjCN/N^EDTA (2:1). 10.O 
equivalent, of CF3COCH3, 8.0 equivalent, of NaHCC^ . 3.0 equivalent, of Oxone*, 0 *C. 
38% (177) piu. 17% (178), 22% (178) plus 13% (180). 



Figure 28 illustrates the effect of epoxaionee, epothilone, and Taxot on tubulin polymeriza- 
tion. Th Filtratlon-CoJorimetric Assay was used tor epothilone, A and B except for th 
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30 -C incubation temperature (instead of 37 C) and the pure tubulin (instead of microtubul 
protein). After initial screening of all epoxalones (181, 168, 189, 170, 171, 172, 175, 176, 
177, 178, 179, and 180) at 20 mM concentrations, the most potent ones (161. 168, 169, ' 
171 and 172) were tested together with epothilones A (1) and B and Taxol at 01 , 1.0. 2.0. 
3.0, 4.0 and 5.0 mM. B * epothilone B;Ta Taxol. 

Figure 29 illustrates the synthesis of epothilone analogs 192, 193, 194 and 198. 

Figure 30 illustrates the synthesis of epothilone analogs 199, 200, 201, 202, 203, 204, 206, 
206, 207, 208, 209, and 210. 

Figure 31 illustrates the synthesis of phosphonium analog 220. 

Figure 32 illustrates the synthesis of epothilone advanced intermediate macrolides 229 and 
230. 

Figure 33 illustrates the synthesis of epothilone analogs 233, 234, 238. and 238. 

Figure 34 illustrates the synthesis of advanced intermediate nitrile 244. 

Figure 35 illustrates the synthesis of epothilone analog 249. 

Figure 36 illustrates the synthesis of epothilone analog 229. 

Figure 37 illustrates the synthesis of advanced intermediate aldehyde 287. 

Figure 38 illustrates the synthesis of epothilone analog 283. 

Figure 39 illustrates the synthesis of epothilone analog 288. 

Figure 40 illustrates the retrosynthetic analysis of 4,4-ethano epothilone A analog 287. 

Figure 41 illustrates the synthesis of ketoactd 272. Reagents and conditions: (a) 1 .3 equiv 
of BrCHjCHjBr, 3.0 equiv of KfiO% OMR, 25 C, 15 h, 60%; (b) 2.0 equiv of UAihU, Et«0, - 
20 to °0 C, 2.5 h, 93%; (0) 4.0 equiv of DMSO, 3.0 equiv of (COCf)2, 8.0 equiv of EtjN, 
CHsCI* -78 to °0 C, 84%; (d) 1 .1 equiv of (♦Hpc2B(aJryl). EttO, -100 °C; (e) 3.8 equiv of 
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TBSOTf, 4.6 equiv of 2,6-lutidin , CH£\ t , -78 °C; (f) 4.1 equiv of NalO*. 0.05 equiv of 
RuCI,.H a O. MeCN:H,0:CCU (2:3:2), 25 C, 43% for 3 steps. DMSO * dimethyl sulfoxide: 
TBS e tert-butyldimethylsilyl; (+)-lpc2B(ally1) » diisoptnocampheylallyl borane. 

Figure 42 illustrates the coupling of building blocks and construction of advanced intermedi- 
ates 269 and 278. Reagents and conditions: (a) 2.4 equiv of LDA, -30 °C. THF, 2 h, then 
7 in THF, -30 °C, 0.5 h, (29:36 ca. 2:3): (c) 2.5 equiv of 30, 1 .2 equiv of EDC, 0. 1 equiv of 
^DMARCHtCI* 0/S25 °C. 2 h, 15% (269) plus 36% (278) tor two steps. TBS * tert-butyl- 
dimethyisilyl; LOA - lithium diisopropytamide; EDC » 1-Ethyf.(3Kjimetr^arninopropyl).3-car- 
bodiimide hydrochloride; 4-DMAP = 4^imethylaminopyridine. 

Figure 43 illustrates an olefin metathesis of diene 269 and synthesis of 4,4-ethano epotht- 
lone A analogs and 282-284. Reagents and conditions: (a) 10 mot % of 
RuOi(«CHPh)(PCy 1 ) fc CHaOt, 25 C, 2 h, 37% (268) plus 35% (279); (b) 25% HF«Py in 
THF, 0 to 25 °C, 28 h, 65% (280), 62% (281); (c) CH,Oa:CH^N:N^DTA (1:2:1.5). 50 
equiv of CFjCOCH* 1 1 equiv of NaHCO* 7.0 equiv of OxoneG, 0 °C, 50% (267 or 282) 
plus 29% (282 or 267); 1 1% (283 or 284) plus 31% (284 or 283). 

Figure 44 illustrates the olefin metathesis of C6-C7 diastereomeric diene 278 and synthesis 
of 4,4-ethano epothitone A analogs 289*292. Reagents and conditions: (a) 9 moi % of 
RuCW-CHPhKPCyJfc CHfOt. 25 C, 1 h, 18% (285) plus 56% (286); (b) 25% HF*Py in 
THF, 0 to 25 °C, 22 h, 54% (287), 76% (288); (c) CHaCkCHjCNiNaaEDTA (4:4:1 ), 50 equiv 
of CFjCOCH* 16 equiv of NaHCO* 10 equiv of Oxone«, 0 °C. 39% (289 or 290) plus 35% 
(290 or 289); 22% (291 or 292) plus 27% (292 or 291). 

Figure 45 illustrates the molecular structure and retroaynthetfc analysis of the 4,4-ethano 
analog of epothitone B (267). R1 - TBS • SiSuMe* 

Figure 46 illustrates the synthesis of ketone 294. Reagents and conditions: (a) 03, CH 2 0 2 , 
•78 *C, 0.5 h; then 1.2 equiv. RhP. 78 + 25 *C. 1 h, 90%; (b) 1.1 equiv. of UAI(OtBu)*H, 
THF, -78 ■» 0 •& 15 min; (c) 2.0 equiv. of TBSO. 3.0 equiv. of EtjN, 0.02 equiv. of 4- 
DMAP, CHaCI,, 0 + 25 # C, 1 2 h, 83% for 2 stepe. 

Figure 47 illustrates the total synthesis of 4,4-ethano analogs of epothilono B. Reagents 
and conditions: (a) 1 .5 equiv. of LOA, THF. 0 *C. 1 5 min; then 1 .4 equiv. of 294 in THF, -78 
-60 "C, 1 h; then 1 .0 equiv. of 78 In THF at -78 § C, 24% of 297 and 47% of its 6S,7*dia- 
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stereoisomer 298 (ca 1 : 2 ratio); (b) 1 .2 equiv. of TBSOTf, 2.0 equiv. of 2,6-lutidine, CHjO,, 
0 °C, 2 h t 92%; (c) 1 .0 equiv. of CSA porttonwise, CH2CI2:MeOH (1 : 1), 0 25 0.5 h, 
74%; (d) same as 0, 89%; (e) same as c; 60%; (f) 2.0 equiv. of (COCI)a. 4.0 equiv* of 
DMSO, 6.0 equiv. of Et,N, CH2CI2. -78 «* 0 *C, 1.0 h, 96%; (g) same as t 69%; (h) 6.0 
equiv. of NaCIOj, 10.0 equiv. of 2-methyl-2-butene, 3.0 equiv. of NaHaPO*. fiuOH:HjO 
(5:1)', 25 'C, 0.5 h, 91%; (i) 6.0 equiv. of TBAF, THF, 25 'C, 8 h, 62%; © same as h. 99%; 
(k) same as i 50%; (I) 1.1 equiv. of 2,4,6-trichiorobenzoylchloride, 2.2 equiv. of Et*N, THF, 0 
°C, 1 h; then add to a solution of 2.0 equiv. of 4-DMAP in toluene (0.002 M based on 293). 
25 °C, 3 h, 70%; (m) same as A 72%; (n) 20% HF«pyr (by volume) in THF, 0 * 25 9 C t 24 h, 
92%; (o) same as n, 90%; (p) methyl (trifluoromethyOdtoxirane, MeCN, 0 *C, 86% (267 : 311 
ca 8 : 1 ratio of diastereoisomers); (q) same as p, 89% (312 : 313 ca 2 : 1 ratio of diastereo- 
isomers). 

Figure 46 illustrates ORTEP view of compound 309. 

Figure 49 illustrates the synthesis of key aldehydes 320, 321, 323 and 329. 

Figure 50 illustrates the solid phase strategy for the synthesis of epothilone analogs with 
k y intermediates 330, 331 and 332 and employing the metathesis approach. 

Figure 51 illustrates the retrosynthetic analysis and strategy for the total synthesis of epothi- 
lone E and side chain epothilone analogs. Aro « aromatic moiety. 

Figure 52 illustrates the synthesis of epothilone analogs via the Stille coupling reaction. 

Figure 53 illustrates the synthesis of recommended stannanes for the synthesis of epothi- 
lone analogs via the Stifle coupling reaction. 

Figure 54 shows a table of achieved compounds using the noted stannanes. Compound 
356 and 367 are stereoisomers of each other wherein 356 is the cis olefin and 357 repre- 
sents the trans olefin analog with indicated yield. 

Figure 55 shows a table of achieved compounds using the noted stannanes. Compound 
356 and 367 are stereoisomers of each other wherein 366 is the cis olefin and 367 repre- 
sents the trans olefin analog with indicated yield. 
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Figur 56 illustrates me synthesis of epothilon E. Reag nts and conditions- (a) 
of H,0„ 60 equiv of CH,CN, 9.0 equiv of KHCO,. MeOH, 25 C, 4 h. 65% (based 
conversion). 



Figure 57 illustrates the synthesis of 26-hydroxycompounda. Reagents and conditions- (a) 
1 3 equiv. of AcA 1 .0 equiv. of 4-DMAP. EtOAc, 0 'C. 0.5 h. 95%; then 25% HF«pyr (by 
volume) in THF, 0 * 25 'C. 24 h. 92%; (b) 3.0 equiv. of pivaleyl chloride. 4.0 equiv of EfaN 
0.05 equiv. of 4-DMAP. CHjCfc, 0 'C. 0.5 h. 93%; then deeilyiation as in (a). 90%; (c) 3.0 ' 
equiv. of benzoyl chloride, 4.0 equiv. of EfaN. 0.05 equiv. of 4-OMAP. CHA, 0 'C. 0.5 h, 
85%; then deeilyiation ae in (a), 90%; (d) 5.0 equiv. of MnO* Et»0, 25 *C. 3 h. 85%; (e) 5.0 
equiv. of NaCIO* 70 equiv. of 2-methyi-2-b U tene, 2.5 equiv. of NaHaPO* fluOH:H# (51) 
0 'C. 0.5 h. 98%; (f) CH2N2, Et20, 0 'C. 80%; (g) 4.0 equiv. of Ph3P, CC14, 75 'C. 24 h. ' 
85%; then deeilyiation ae in (a). 86%; (h) 1 .1 equiv. of NaH. 20 equiv. of Mel. DMF. o 'C. 1 
h. 65%; then desilylation aa in (a). 89%; ©1.1 equiv. of NaH. 20 equiv. of BnBr. OMF, o «* 
25 1 h, 40%; then deeilyiation as in (a). 87%; © i .1 equiv. of OAST. CHaCt -78 ■* 25 
«C, 1 h, 60%; then deeilyiation aa in (a). 85%; (k) 5.0 equiv. of MnO* EW5. 25 *C. 3 h. 
90%; then 2.0 equiv. of Ph,P*CH,Br-. 2.0 equiv. of LiHMDS. THF, 0 *C 85%; then desily- 
lation aa in (a). 85%; (a 1 ) 1 .1 equiv. of Ae»0. 1.0 equiv. of 4-OMAP, EtOAc, 0 *C. 0.5 h. 
90%; (b') 3.0 equiv. of pivaloyl chloride, 4.0 equiv. of EtjN, 0.05 equiv. of 4-OMAP, CHjCI* 
0 "C. 0.5 h. 90%; (c") 1 .2 equiv. of benzoyl chloride, 4.0 equiv. of EtjN, 0.05 equiv. of 4- 
DMAP, CHjClfc 0 'C. 0.5 h. 75%: (tf) 1 .5 equiv. of TEMPO (0.008 M solution in CH,Cy , 1 .0 
equiv. of NaOO (0.035 M solution in 5% aqueous NaHCOJ. 0.1 equiv of K8r (0.2 M aque- 
ous solution). CH&t, 0 *C, 0.5 h. 75%; (a 1 ) 5.0 equiv. of NaOOj. 70 equiv. of 2-methy|.2. 
butene, 2.5 equiv. of HtHtfO* SuOH:H20 (5:1). 0 'C. 0.5 h. 95%; (f) CH^, Etrf):EtOAc 
(1 : 2). 0 'C. 2 h, 90%; 4.0 equiv. of Ph,P, CH^N:CCJ» (1 : 3), 25 'C. 1 h. 85%; (hi 1 .1 
equiv. of NaH, 20 equiv. of Mel. DMF, 50%; (i") 1 3 equiv. of Tea 2 equiv. of triethylamine, 
0.1 equiv. of DMAP. methylene chloride. 0C. 1h85%.then3equiv.ofNaJ.CH3C(0)CH3. 
25 C, 10h, 89% of 1000T; ff) 1.1 equiv. of OAST, methylene chloride, -78 to 25 •Clh. 55% 
of lOOOf: (k 1 ) 6 equiv. of TMSCt 10 equiv. of triethylamine, methylene chloride 0 to 25 'C. 
1 0h, 67%. then 2 equiv. of Ph 3 PCH 3 Br. 2.0 equiv. of NaHMOS, THF. 0 to 25 "C, 75%. then 
HF.pyr in pyridine, THF, 0 to 25 •C. 3h. 97% of 1 000IC; (f) same aa (h% 55% of 1 0OOf; Bn > 
benzyl; OAST > diethylaminosulfur triftuoride; LiHMDS - lithium bie(trimethytsilyt)amide; 
TEMPO • 2,2.6,6-tetramethyH -piperidinytoxy, free radical. 



Figure 58 illustrates synthesis of 26- halogen substituted epothilone analogs. 
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Figure 59 illustrates synthesis of 26- alkoxy substituted epothilone analogs. 

Figure 60 illustrates synthesis of 26- ester substituted epothilone analogs (top scheme) and 
26- thio ether substituted epothilone analogs (bottom scheme). 

Figure 61 illustrates synthesis of 26- amine substituted epothilone analogs. 

Figure 62 illustrates synthesis of 26- aldhehyde substituted epothilone analog 414 and 26- 
acid and ester substituted epothilone analogs 415 and 416. 

Figure 63 illustrates epothilone structure activity relationships (tubulin binding assay): A. 
3S -stereochemistry important; B: 4,4-ethano group not tolerated; C: 6ft.7$-stereoche- 
mistry crucial; D: 8S-stereochemistry important. 8,8-dimethyl group not tolerated; E: epoxi- 
de not essential for tubulin polymerization activity, but may be important for cytotoxicity; ep- 
oxide stereochemistry may be important; R group important; both olefin geometries tolera- 
ted; F: 155-stereochemistry important; Q: bulkier group reduces activity; H; oxygen 
substitution tolerated; I: substitution important J: heterocycie important 

Figure 64 shows a table of achieved compounds using both metathesis and esterification 
procedures with noted % tubulin polymerization accomplished via each analog. 

Figure 65 shows a table of achieved compounds using both metathesis and esterification 
procedures with noted % tubulin polymerization accomplished via each analog. 

Figure 66 is as shown and noted as foltows: [a] From Figures 64-65 [b] Assay performed 
as described vida supra; reaction mixtures contained 10 mM purified tubulin, 0.7 M mono- 
sodium gJutamate, 9% DMSO and drug; incubation was for 20 min at room temperature 
and reaction mixturee were centrifuged at 14,000 rpm; supernatant protein concentration 
was measured and the EC50 value it defined aa the drug concentration resulting in a 50% 
reduction in supernatant protein relative to control values; each EC50 value shown is an 
average obtained in 2-4 Independent assays, with standard deviations within 20% of the 
average, [cj Cell growth was evaluated by measurement of increase in cellular protein, [d] 
The parental ovarian cell line, derived aa a clone of line A2780, was used to generate 
Taxol-resistant cell lines by incubating the cells with increasing concentrations of Taxot with 
verapamil; the cells were grown in the presenc of drug for 96 h; values shown in the 
Figure were single determinations, except for those of Taxol, 1 and 2 (average of 6 determi- 
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nations ach); the values for 1 and 2 are averages of data obtained with both synthetic and 
natural samples (generously provided to E.H. by Merck Research laboratories), which did 
not differ significantly, [e] The MCF7 cells were obtained from the National Cancer Institute 
drug screening program; cells were grown in the presence of drug for 43 h; each value 
represents an average of two determinations, (f) Relative resistance is defined as the ICso 
value obtained for the -tubulin mutant line divided by that obtained for the parental cell line. 

Figure 67 illustrates the structures and numbering of [nj-epethilones A, where n * 1 . 5. 

Figure 68 illustrates the synthesis of aldehydes 1015 and 1016. Reagents and conditions: 
(a) 2.0 equiv. of Ph 3 P*CH 3 ,Br-, 1 .98 equiv of NaHMDS. THF, 0 -C, 15 min; then 1.0 equiv 
of 1 006 in THF, 0 0.5 h, 95%; (b) 1 .5 equiv. of 9-BBN 0.5 M, THF, 25 *C, 3 h; then 6 
equjv. of 3 N NaOH and 6.0 equiv of 30% H^, 0 *C, 1 h. 85%; (c) 2.0 equiv of (COC0 2 . 
4.0 equiv of DMSO, 6.0 equiv of Et 3 N, CH^, -78 to 0 # C. 1 .5 h, 98%; (d) 1 .2 equiv of 
1010, 1 .2 equiv of NaHMDS, THF, 0 *C, 15 min; then add 1.0 equiv of aldehyde 1006 or 
1007. 0 °C, 15 min, 77% (2: Ecu 9 : 1) fbr 1011 or 83% (2: Eca. 9 : 1) for 1012; (e) 1.0 
equiv of CSA added porfonwise over 1 h, CH^iMeOH (1 : 1), 0 to 25 •C, 0.5 h, 81% for 
1013 and 61% fbr 1014; (f) 2.0 equiv of SOypyr., 10.0 equiv of DMSO, 5.0 equiv of Et 3 N, 
CH 2 CI 2 , 25 °C, 0.5 h, 81% fbr 1016 and 84% fbr 1016. NaHMDS « sodium bis(trimethyt- 
silyOamide; 9-BBN * 9>borabtoycio(3.3.1]nonane; DMSO » dimethylsulfoxide; CSA * 10- 
camphorsulfonic add; TBS ■ ferfbutykiimettyiaifyi. 

Figure 69 illustrates the synthesis of aldehydes 1 033 and 1 036. Reagents and conditions: 
(a) 1 .5 equiv of l 2 , 3.0 equiv of imidazole, 1 .5 equiv of Pt^P, Et 2 0:MeCN (3 : 1). 0 *C. 0.5 
h,95%;(b)1.1 equivofPh^P.neat 100*C,2h, 97%; (c) 1.5 equiv of Ph 3 P. neat 100 °C, 
7 h, 90%; (d) 1 2 equiv of 1010 or 1021 , 1 .2 equiv of NaHMDS, THF, 0 *C, 1 5 min; then 
add 1.0 equiv of aldehyde 1022, 0 *C, 15 min, 85% (2: Eee9 : 1) fbr 1023, 79% (2: £ca9 
: 1) for 1026; (e) 1.0 equiv of CSA added portionwise over 1 h, CH 2 Ct 2 :MeOH (1 :1).0TO 
25 'C, 3 h, 99% for 1024, 96% for 1027; (f) 1 .5 equiv of l^ 3.0 equiv of imidazole. 1 .5 equiv 
of Ph 3 P, Et 2 0:MoCN (3 : 1), 0 # C, 0.5 h, 84% fbr 1028, 98% fbr 1026; (g)1 .5 equiv of 1029, 
1.5 equiv of LDA, THF, 0 *C, 16 h; then 1.0 equiv of 1028 or 1026 in THF, -100 TO -20 # C, 
10 h, 60% for 1030, or 82% for 1031; (h) 2.5 equiv of monoperoxyphthaite add, magnesium 
salt (MMPP), MeOH:phosphate buffer pH7 (1 :1 ), 0 *C, 1 h, 99% for 32, 96% for 1034; (0 2.0 
equiv DIBAL, toluene, -78 *C, 1 h, 90% for 1033, 81% for 1036. LDA « lithium diisopropyt- 
amide; DIBAL ■ dHaobutytaluminum hydride. 
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Figure 70 illustrates the synthesis of epothilone A analogs 1002*1005. Reagents and condi- 
tions: (a) 1 .2 quiv of IDA, THF, 0 9 C, 1 5 min; th n 1 .2 equiv of 1 036 in THF, -78 °C, 1 h; 
then 1 .0 equiv of aldehyde (1015, 1016, 1033, 1035) in THF at -78 °C, 71% for 1037 (sing- 
le diastereoisomer), 72% for 1038 and its 6S,7fl-diastereoisomer (ca. 4:1 ratio), 77% for 
1041 and its 6S,7/Wiastereoisomer (ca. 6 : 1 ratio), 60% for 1042 and its 6S,7ftdiastereo- 
isomer (ca. 5:1 ratio); (b) 1 .5 equiv of TBSOTf, 2.0 equiv of 2,6-lutidine, methylene chlo- 
ride, 0 °C, 1 h. 94% for 1039, 93% for 1040. 85% for 1043, 95% for 1044; (c) 1 .0 equiv of 
CSA added portionwise over 1 h, methylene ehloride:MeOH (1 : 1), 0 °C, 3 h, 77% for 1045, 
82% for 1046, 91% for 1049, 83% for 1050; (d) 2.0 equiv of (COCI) 2 . 4.0 equiv of DMSO, 
6.0 equiv of Et 3 N, CHiCI* -76 to 0 # C, 1.5 h, 93% for 1047, 85% for 1046, 99% for 1051, 
95% for 1052; (e) 5.0 equiv of NaCI0 2 . 10.0 equiv of 2-methyt-2-butene, 2.5 equiv of 
NaH 2 P0 4 , <BuOH:H 2 0 (5:1), 0 °C. 1 h. 99% for 1063, 95% for 1064, 99% for 1067, 98% 
for 1066; (f) 6.0 equiv of TBAF, THF. 25 °C, 10 h, 92% for 1086, 77% for 1066, 85% for 
1059, 85% for 1060; (g) 2.5 equiv of 2.4,6-trtchlorobenzoylchlohde, 5.0 equiv of Et 3 N, THF, 
0 to 25 °C, 1 h; then slow addition (1 mUh) to a solution of 2.0 equiv of 4-OMAP in toluene 
(0.005 M based on hydroxy acid), 70 # C, 0.5-8 h, 70% for 1061, 82% for 1062, 73% for 
1066, 75% for 1066; (h) 20% HPpyr (by volume) in THF, 25 # C, 24 h, 82% for 1063, 91% 
for 1064, 86% for 1067, 71% for 1066; (i) methyl (trtfluoromethyOdioxi rare , MeCN, 0 *C, 
54% for 1002 (single diastereoisomer), 35% of 1003 and 35% of 1069 (ca. 1 : 1 ratio of 
diastereoisomers), 97% for 1004 and 1070 (ca. 6 : 1 ratio of diaatereoisomers), 53% of 
1005 and 26% of 1071 (ca 2 : 1 ratio of diastereoisomers). Tf ■ triflate; TBAF = tetra-n- 
butytammonium fluoride; 4-DMAP « 4-dimethytaminopyridine. 

Figure 71 shows the tubttn binding (% tubulin polymerization in the fllratiofvcc4cwmetric tu- 
bulin potymerization assay) and cytobdeity properties (against the parental 1A9, and the 
Taxoi-resistant ceil fines P7X10 snd PTX22) of a selected number of the synthesized epo- 

thilones. 

Figure 72 illustrates the synthesis of C 12 substitutsd analog 1000*\ 

Figure 73 illustrates the synthesis of C 12 substituted analog 2003. 

Figure 74 illustrates the synthesis of C 12 substituted analog 1000n. 

Figure 75 illustrates the synthesis of C 12 substituted analog 1001015 figure note 1 : see 
figures 1*25. 
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Figure 76 illustrates the synthesis of cyclopropane epothiione A 2012 starting from 
advanced C^-tydroxy intermediate 392. 

Detailed Description of the Invention 

The invention is especially directed to epothiione analogs and methods for producing such 
analogs using solid and solution phase chemistries based on approaches used to synthe- 
size epothilones A and B (NIcotaou et ai. Angew. Chem. Int Ed. Engl. 35, 2399-2401 
(1996); Nicolaou et al. Angew. Chem. Int Ed. Engl. 36, 166-168 (1997); Nicolaou et aJ. 
Angew. Chem. Int Ed. Engl., 36, 525-527 (1997)), as weH as to intermediates for these 
epothilones and their synthesis. 

The following general definitions are used within the specification and can, where 
appropriate, be replaced by the more specific definitions mentioned herein: 

The prefix lower* stands for moiety having preferably up to and including 7, preferably up to 
and including 4, carbon atoms. "Lower alkanoyf preferably stands for acetyl, or also for 
proptonyt or butyryt 

Where hereinafter compounds of the formula I or intermediates are mentioned, this wording 
is intended to include both the free forms as well as any salt where one or more salt- 
forming groups are present 

Salts of compounds of formula I are especially acid addition salts, salts with bases or, 
where several salt-forming groups are present can also be mixed salts or internal salts. 

Salts are eepedairy prwmaceuticairy acceptable sans of compounds of formula I. 

Such salts are formed, tor example, from compounds of formula I having an acid group, for 
example a carboxy group, a sulfb group, or a phoaphoryt group substituted by one or two 
hydroxy groups, and are, for example, salts thereof with suitable basse, such as non-toxic 
metal salts derived from metals of groups la, lb, lla and lib of the Periodic Table of the 
Elements, especially suitable alkali metal salts, tor example lithium, sodium or potassium 
salts, or alkaline earth metal salts, tor example magnesium or calcium salts, also zinc salts 
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or ammonium salts, as well as salts formed with organic amines, such as unsubstituted or 
hydroxy-substituted mono-, di- or tri-alkyiamines. especially mono-, di- or tri-lower aJkyl- 
amines, or with quaternary ammonium compounds, for example with N-methyl-N-ethyl- 
amine, diethyiamine. triethytamine, mono-, bis- ortris-(2-hydroxy-lower alkyl)amines, such 
as mono-, bis- or tris-(2-hydroxyethyl)amine, 2-hydroxy-tert-butylamine or tris(hydroxy- 
methyl)methylamine, N.N-dl-lower alkyl-N-(hydroxy-lower aikyi) -amines, such as N,N- 
dimethyl-N-(2-hydroxyethyl)-amine or tri-(2-hydroxyethyl)-amine, or N-methyl-O-glucamine, 
or quaternary ammonium salts, such as tetrabutytammonium salts. The compounds of 
formula I having a basic group, for example an amino group, can form acid addition salts, 
for example with inorganic acids, for example hydrohalic acids, such as hydrochloric acid, 
sulfuric acid or phosphoric acid, or with organic carboxylic, sulfonic, sulfo or phospho acids 
or N-substftuted sulfamic adds, for example acetic acid, propionic acid, glycolic acid, 
succinic acid, maleic acid, hydroxymaleic acid, methyimaleic acid, fumaric add, malic add. 
tartaric add. gluconic add, glucaric add, glucuronic add, citric add, benzoic add, dnnamic 
add, mandelic acid, salicylic add, 4-aminosailcylfc add, 2-phenoxybenzoic acid, 2- 
acetoxybenzoic acid, embonic add, nicotinic acid or isonicotinic acid, as well as with amino 
adds, for example the a-amino adds mentioned hereinbefore, especially glutamic add and 
aspartic acid, and with methanesulfonic add, ethanesulfonic add, 2-hydroxyethanesuifonic 
add, ethane- 1 ,2-disuifonic add, benzenesulfonic add, 4-methylbenzene-aultonic acid, 
naphthalene-2-sultanic add, 2- or 3-phosphogfycerate, glucose-6-phosphate, N-cydohexyt- 
sulfamic add (forming cydamates) or with other acidic organic compounds, such as 
ascorbic add. Compounds of formula I having acid and basic groups can also form internal 
salts. 

For isolation or purification purposes, it is also possible to use pharmaceutical^ inaccept- 
able salts, for example a perchlorate or picoiinate salt 

The invention especially rotates to the compounds of the formula (I) as such as described 
above, or a salt thereof where a salt-forming group is present, except for the compounds of 
formula I wherein 

n is 3 (or, in a preferred variant, 1 to 5); 
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R, is hydrogen, methyl (preferably lower alkyl). acetyl (preferably lower aikanoyl) or benzoyl 
(when the group of compounds of formula I is represented in a more preferred version) 
trialkyl silyl or benzyl; 
R a is methyl; 
Rj is methyl; 

R* is hydrogen, methyl (preferably lower alkyl), acetyl (preferably lower aikanoyl) or benzoyl 
or (when the group of compounds of formula I is represented in a more preferred version) 
triaJkyl silyl or benzyl; 
Rs is hydrogen or methyl; 
R« is O or 

Rt is absent and a is a double bond; 
Rr is hydrogen; 



Rt is a radical of the formula 




wherein 

Ri is a radical selected from the group consisting of hydrogen and methyl; 
and R 10 is a radical represented by the formula: 




which, aa such, are excluded from the scope of the present invention. This is also valid for 
any subsequent embodiments of the invention mentioning a compound falling under 
formula I, if required. 

In the following, where compounds falling under the definitions of formula (I) given above 
are present the invention primarily deals with their use as described above and below; 
however, the compounds as such which are novel are also comprised. 

in the following any moietfee such as R tt R* R* R* R* R* Rr, R* R* Rio. Rn, Ri* n, a, b, 
c, in all intermediates and all compounds falling under the definitions of formula I have the 
meanings given for a compound of formula I, preferably the preferred meaning, if not 
indicated otherwise. 

Furthermore, any sequence of reactions may include the removal of protecting groups, e.g. 
of th protected precursor compounds to yield either epothilone A or epothilone B, 
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according to procedures that are well-known in th art; this deprotection is usually not 
mentioned, but may be present in all synthesis steps mentioned herein and at ail stages. 

One aspect of the invention is directed to an epothilone analog represented by formula II, 




OR, 



wherein, in a preferred embodiment, n is one to five, more preferably 3, 
Ri is a radical selected from the group consisting of hydrogen (preferred), methyl or a 
protecting group, especially selected from the group consisting of tert-butyldirnethyisilyl. 
trimethylsilyl, acetyl, benzoyl and tert-butoxycarbonyl, 

R4 is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
especially selected from the group consisting of tert-butytdimethyisilyi, trimethylsilyl, acetyl, 
benzoyl and tert-butoxycarbonyl, 

Rs is a radical selected from the group consisting of hydrogen, methyl, -CHO, -COOH, - 
C0 2 Me, -C0 2 (re*butyi), -CC^topropyl), -(^(phenyl), -C0 2 (benzy1) i -CONH(furfuryl), - 
C0 2 (Mbenzo-(2R,3S)-3-phenylisoser1ne) l -CON(methyl) 2 , -CON(ethyl) 2 , -CONHfbenzyl), 
and -CH 2 R 11( ;or in a broader aspect also from -CH«CH 2 and HC5C- ; where R^ is a 

radical selected from the group consisting of -OH, -O-Trttyl, -O-fC^-Cg aJkyl), -O- benzyl, -O- 
allyi, -O-COCHg, -OCQCHjCl, -0-COCH 2 CH 3 , -0-COCF 3 , -O-COCHfCR^, -O-CO- 
C(CH3) 3 , ^-COCeydopropaneJ.-OCOfcydohexane), -0-COCH«CH 2 , -0-CO-phenyl, -0-(2- 
furoyi), -0-(AAbenzo-(2fl,3S)-3-pheny1isoserine), -O-dnnamoyl, -©-(acetyl-phenyl), -0-(2- 
thiophenesulfbnyf), -S-(C 1 -Ce alkyO. -SH, -S-Phenyl, -S- Benzyl, -S-furfuryl, -NH 2 , -N 3 . 
•NHCOCH3, -NHCOCH^. -NHCOCH 2 CH 3 , -NHOOCF 3 , -NHCOCHfCH^, -NHCO- 
C(CH3) 3 , -NHCO(c^opropane).-NHCO(cyctohexane), -NHCOCH-CH 2 , -NHCO-phenyl, 
-NH(2-furoyt), -NH-(N-benzo-(2R.3S)-3-phenyiisoserine), -NH-(dnnamoyl), -NH-(acety4- 
phenyf), -NH-(2-thiophenesulfbny1), -F, -a, -I. and CH 2 C0 2 H ; and, in a broader aspect, 
also from -(Cf-Cg aikyf) and methyl; 

and R10 is a radical selected from the group represented by the formulae: 
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with tna proviso mat if R« ia erthar mathyl or hydrogen and i« raprasanted by tna 
following formula: 
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then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl. Preferred epothilone 
analogs of this aspect of the invention include a compound represented by the following 
structures, the substitutents being as defined above: 




OR, OR, 

Another aspect of the invention is directed to an epothilone analog represented by the 

following structure: 




wherein n preferably it one to five, more preferably 3; 

R1 is a radical selected from the group consisting of hydrogen (preferred), methyl or a 
protecting group, especially selected from trie group consisting of tert-butytdirnethytsilyt, 
tnmethytsifyt, acetyl, benzoyl and tert-butoxycarbonyt, 

FL is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
especially selected from the group consisting of tert-butytdimethytsilyl, trirnethylsilyl, acetyl, 
benzoyl and tert-butoxycarbonyt, 

R s is a radical selected from the group consisting of hydrogen, methyl, -CHO. -COOH, • 
C0 2 Me, -CO 2 (far*buty0, -CCtyiso-propyf), -^(phenyl), ^(benzyO, <ttNH(furfuryO, • 
C0 2 (/^ben»(2R.38)-3-phenylisoserine), -CON(methyl)2. -CON(ethy02. -CONH(benzyO. 
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and -CH 2 R, 1 ,;or in a broader aspect also from -CH*CH 2 and HC5C- ; where R, , is a 
radical selected from the group consisting of -OH, -O-Trityl, -O-fC, -C 8 alkyl), -O-benzyl -O- 
allyl. -0-COCH 3 . -O-COCHaa. -O^OCH2CH 3 , -<*COCF 3 . .O-COCHfCHa)* -OCO- 
C(CH3) 3> -0-CO(cyclopropane),.OCO(cyclohexane). -0-COCH=CH 2 . -O-CO-phenyl. -0-(2- 
furoyl), -0-(AAbenzo-(2R.3S)-3-phenylisoserine). -Odnnamoyl, -0-(aeety|.phenyl). -0-(2- 
thiophenesulfonyl). -S-^-Ce alkyl). -SH. -S-Phenyl, -S-Benzvi. -S-furfuryl. -NH 2 . -N 3 . - 
NHCOCH 3 . -NHCOCH 2 CI, -NHCOCH 2 CH 3 , -NHCOCF 3 , -NHCOCHfCH^j. -NHCO- 
CfCH^g, •NHCO(cydopropane).-NHCO(cyclohexane). -NHCOCH-CH 2 , -NHCO-phenyl, - 
NH(2-furoyO. •NH-(Mbenzo-(2R3S)-3-oheny«soser1ne). -NH-(cinnamoyl), -NH-(acetyl- 
phenyl), -NH-^-thiopheneaulfonyl), -F. -a. I. -and CHaCOaH ; and. in a broader aspect 
also from -(C, -Cq alkyl) and methyl; preferably being -CH,F, -01,0, CHjOOCCH,, - 
CH&i, or -CH-CH, where, at the same time, the double bond with the wavered line is in 
the cis form; 



and Rio is a radical selected from the group represented by the formulae: 
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and (in a still broader aspect of the invention) 





; and 




Ij wherein Rx is acyt, especially lower aikanoyl, such as acetyl; 



with the proviso that if R« is either methyl or hydrogen and R, 0 is represented by the 
following formula: 



then R, and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

Another aspect of the invention is directed to an epothitone analog represented by the 
following structure: 



wherein R, is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butytdimethytsHyi, 
trimethytsilyl, acetyl, benzoyl and teft-butoxycarbonyJ, R, is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butytdimethytsily!, trtmethytaiiyi, acetyl, benzoyl end tert-butoxy- 




R 4 0 




O 



OR, 0 
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carbonyt, R» is a radical s lected from th group consisting of hydrogen and methyl, R 10 is a 
radicai selected from the group represented by the formulae: 



e O-Rx e 



3 

O-Rx 



; ^ 8 broader aspect of the invention) V^JT' ^ 

N * N 




j wherein Rx is acyl, especially lower aJkanoyi, such as acetyl; 

R a is a radical selected from hydrogen, methylene or methyl; Rt is hydrogen, methylene or 
methyl; and R# ia hydrogen or methyl; with the following provtsoe: 
If Rj is methylene, then Rt is methylene. If Rj and R t are methylene, then Rt and Rt are 
chemically bonded to each other through a singl bond V. If R$ and Rt are hydrogen or 
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methyl, then the single bond "a" is absent. If R 9 is methyl or hydrogen and Ri 0 is 
repr s nt d by the formula 




then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl; in the definition of 
compounds of formula IV those wherein neither R a nor R, are methylene and the bond "a" is 
absent being especially preferred. 

Another aspect of the invention is directed to an epothilone analog represented by the 
following structure: 




wherein R,, R Sl R* R* R* R* R10 and "a' are as defined under formula IV. 

Preferred embodiments of the invention include the synthesis of compounds represented by 
the following structures, as well as novel compounds falling under their formulae: 

Another aspect of the invention is directed to a macrolactonfcatton procedure for synthe- 
sizing epothilone and epothilone analogs represented by the following structure: 




wherein Ri is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butytdimethytsilyl, 
trimethylsilyi, acetyl, benzoyl and tert-butoxycarbonyt, R*iea radical selected from the 
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group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyldimethytsilyl. trimethylsilyl, acetyl, benzoyl and tert-butoxy- 
carbonyl, R* is a radical selected from the group consisting of hydrogen, methyl, «CH r OH, - 
CH,CI or -CHjCOaH, or (further or alternatively to the preceding moieties) is -CH a F, - 
CHsCHj or HCHC- , and fl, 0 is a radical selected from the group represented by the 

formulae: 




The synthesis can be initiated by condensing a keto acid represented by the following 
formula: 

Ofl,0 0. 

with an aldehyde represented by the following structure: 



0 

wherein R u is a protecting group, especially tert-butytdimethytsilyt or trimethytsilyi, for 
producing a carboxytte add with a free hydroxy! moiety represented by the following 
structure: 




The synthesis is then continued by dertvaiizing the free hydroxy! moiety of the above 
carboxylic add with a dertvatizing agent represented by the formula RrX wherein R*-X is a 
reactive reagent for introducing a protecting group, especially tsrt-butyldimethyisilyf chloride, 
tert-butyldimethytsilyl trtflate, trimethytsilyi chloride, trimethytsilyi trtflate, methyl sulfate, 
acetic anhydride, acetic add. acetyl chloride, benzoic add. benzoyl chloride, and 2-(tert- 
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butoxycarbonyloxyjmino).2.phanylacetonrtrile, or methyl iodid , for producing a protected 
derivatized carboxylic acid r presented by the following structure: 



or 




The R 5 protected hydroxyl moiety of the above derivatized carboxyiic acid is then 
r gioseiectively deprotected for producing a hydroxy add with the following structure 




The above hydroxy acid is then macrolactonized for producing a macroiide with the 
following structure: 




where the moieties in each of the intermediates have the meanings given 
formula VI. 



above under 



The synthesis is then completed by epoxidizing the above macroiide for producing the 
epothilone or epothilone analog of the formula VI. 



The invention relates to the last two steps of this synthesis (rnacrc4actonization and 
epoxidation, and, where protecting groups are present removal of such protecting groups if 
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desired), but in a preferred form to the full synthesis including ail steps for the synthesis of a 
compound of the formula 

A method of synthesis for epothilone B according to this sequence is especially preferred, 
characterized in that the starting materials with the corresponding substituents are used 
and t where required, any protecting group or groups is or are removed. 

A further mode of the invention is directed to a metathesis approach to synthesizing 
epothilone and epothilone analogs represented by the following structure: 



wherein Ri is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butyldimethylailyt, 
trimethytsilyl, acetyl, benzoyl and tert-butoxycarbonyl, R* is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyldimethytstfyl, trimethytsilyl, acetyl, benzoyl and tert-butoxy- 
carbonyl, and R10 is a radical selected from the group represented by the formulae: 



N . N 

The synthetic protocol is initiated by condensing a keto acid represented by the following 
structure: 




o 



R 4 0. 



(VII) 





with an aldehyde represented by the following structure: 
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wherein R 14 is hydrogen or (CH 2 ) m .(so«d phas support) wherein m is a positive integer, for 
produsing a carboxylic acid with a free hydroxy! moiety reprsented by the following formula: 




Alternative preferred solid supports include Merrifield resin, PEG-poiystyrene, hydroxy- 
methyl polystyrene, formyl polystyrene, aminomethyl polystyrene, and phenolic polystyrene. 

The above carboxylic acid is then esterified with a secondary alcohol represented by the 
f llowing structure: 




OH 



for producing an ester with a free hydroxyl moiety represented by the following formula: 




The synthesis is then continued by dertvatizing the free hydroxy* moiety of the above ester 
with a dertvatizing agent represented by the formula RrX wherein R«-X is a reactive agent 
for introducing a protecting group, preferably tert-butytdimethytsilyt chloride, tert-butytdi* 
methylsiiyi trtftate,' trtmethylsily! chloride, trimethylsilyf trtflate, methyl sulfate, acetic anhydri- 
d , acetic acid, acetyl chloride, benzoic add, benzoyl chloride, and 2-(tert*butoxycarbonyio* 
xyimino)-2-phenytacetonitrile, or methyl iodide, for producing a protected or derivatized 
ester represented by the following structure: 
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This ester is then metastasized with an organo-metallic catalyst tor producing a macrolkJe 
with the following formula: 




where the moieties in each of the intermediates have the meanings given above under 
formula VI. 

Preferred organo-metallic catalyst include MQrlcyclohexylprm ruthenium 
dichloride and ZS-diisopropylphenytirnido neophytidenernorybdenum bis'(hexafluoro-tert- 
butoxide). 

The above macrottde is then epoxidized tor producing the epothilone analog of the formula 
VII. 

The invention relates to the last two steps of this synthesis (metathesis and epoxidatJon, 
and. where protecting groups are present removal of such protecting groups if desired), but 
in a preferred form to the full synthesis including all steps tor the synthesis of a compound, 
of the formula VII. 



Another embodiment of th invention is directed to a metathesis approach to synthesizing 
anepothilon or analog represented by the following structure: 
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(VIII) 



wherein R 12 is hydrogen (preferred) or methyl, or a protecting group, preferably tert- 
butytdiphenylsilyl, tert-butyfdimethylsiryl, trimethytsilyf, acetyl, benzoyl, tert-butoxycarbonyl, 
or a radical represented by one of the following formulae: 



f 1 



and wherein R* ia hydrogen (preferred), methyl or a protecting group, especially tert- 
butytdimethyisiryt, trimethytstfyt, acetyl, benzoyl or tert-butoxycarbonyl. 
The synthesis is initiated by eetertfying a keto add of the formula 




with an alcohol of the formula 

OH 




OR 1t 
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for producing an ester of the formula 




Then, this ester is condensed with an aJdehydeof the formula: 




for producing a bis-terminal olefin of the formula: 




The synthesis is then continued by metathesizfng the above bis-terminal olefin with an 
organo-metallic catalyst for producing a macrtcycMc lactone with a free hydroxy! moiety of 
the formula: 




Preferred organo-metaJBc catalysts include bis(tr*cyciohexy1phospWne)benzylidlne 
ruthenium dichloride, and 2,6-diisopropytphenytimido neophyUdenemolybdenum 
bis(hexafluoro-t-butoJdde). 

The free hydroxy! of the above macrocytic lactone is then, if desired, dertvatteed with a 
denvatizing agent represented by the formula Rr* wherein fV-X Is hydrogen or a reactive 
agent for introducing a protecting group, preferably tert-butyWimethytaifyi chtorid , tart- 
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butyldimethylsiryl triflate, trimethylsiryl chl ride, trimethylsilyi trrflate, methyl sulfate, acetic 
anhydride, acetic acid, acetyl chlorid , benzoic acid, benzoyl chloride, or 2-(tert- 
bLftoxycaitonyloxyiminoJ-S-phenytacetonitrile, or methyl iodide, for producing a protected or 
d rivatized macroiide with the following structure: 




The synthesis is then completed by epoxidizing this protected or derivatized macroiide for 
producing the epothilone analog of the formula VIII. In all intermediates, the substftutents 
have the meanings given under formula VIII, if not mentioned otherwise. 

The invention relates to the last two or three steps of this synthesis (metathesis; if desired, 
introduction of a protecting group; and epoxidatJon, and, where protecting groups are 
present, removal of such protecting groups if desired), but in a preferred form to the full 
synthesis including all steps for the synthesis of a compound of the formula VIII. 

Another aspect of the invention is directed to a method employing a metathesis approach 
for synthesizing an epothilone or analog represented by the following structure: 




wherein R* is hydrogen (preferred), methyl or a protecting group, preferably far* 
butyldimethylsilyl, trimethyleilyl, acetyl, benzoyl or ferWutoxycarbonyl; wherein Rio ii one of 
the radicals of the formulae: 
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The synthesis is initiated by condensing a keto acid of the formula 




O 



with an aldehyde represented by the formula 




for producing a carboxytic acid with a free hydroxy! moiety of the formula 




The free hydroxy* moiety of the above carboxytic acid is then derivatized with a derivatizing 
agent represented by the formula RrX wherein FVX is a reactive agent for the introduction 
of a protecting group, especially tert-butytfmethyisilyt chloride, tert-butyidimethylsilyl triflate, 
trimethyisilyf chloride, trimethyWyl triflate, methyl sulfate, acetic anhydride, acetic acid, 
acetyl chloride, benzoic add, benzoyl chloride, and 2*(tert-butoxycarbonyioxyimino)-2- 
phenytacetoninle, or la methyl iodide, for producing a protected or derivatized carboxytic 
acid represented by the fbflowing structure: 



R 4 0 




0 

This derivatized carboxytic add is then reacted with an alcohol of the formula 
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OH 

for producing a bis-terminal olefin of the formula 




0 O 



This bis-terminal olefin is then metastasized with an organo-metallic catalyst for producing a 
macrocyclic lactone with the following structure: 




O 



Preferred organo-metallic catalysts include bisffrk^ctoh«xylphosphine)benzytjdlne 
ruthenium dichloride, or 2, Wfisopropylphenylimjdo neophylidenemolybdenum 
bis(hexafluoro-t-butoxide). 

The synthesis is then completed by epoaddizing the above-mentioned macrocyclic lactone 
for producing the opothJone analog of the formula IX Any substttutents in the intermediates 
have the meanings given under formula IX if not mentioned otherwise. 

The invention relates to the last two steps of this synthesis (metathesis and epoxidation, 
and. where protecting groups are present, removal of such protecting groups if desired), but 
in a preferred form to the full synthesis including all steps for the synthesis of a compound 
of the formula IX 

Another (especially preferred) aspect of the invention is directed to a method employing a 
macrotactonization approach for synthesizing an epothltone or analog of the formula: 
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(X) 



wherein each of R, and R, is, independently of the other, hydrogen (preferred), methyl or a 
protecting group, especially fert-butyWImethylsilyl, trimethyfsilyt, acetyl, benzoyl, or te+ 
butoxycartonyl; R s is as defined under formula I. especially hydrogen, methyl, -CHrOH, 
•CHaCI, or -CHaCO*. or most especially CHtCH* -CH.CH,, -CH,OOCCH, or especially 
•CHjF; and R10 is one of the radicals of the formulae 

The synthesis is initiated by condensing a ketone of the formula 



wherein R« is hydrogen or methyl or a protecting group, especially especially fertbutytf- 
methytsilyf, trimethyWryl, fertbutytdlphenylsiry!. triethylsByl or benzyl; with an aldehyde of th 
formula 




H OR,, 

wherein Ri« is a protecting group, especially fert-butytttmethyisilyl or trimethyisilyl. for produ- 
cing a ^-hydroxy ketone, with a fret hydroxy! moiety and a R* protected hydroxy! moiety, of 
the formula 
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O OR, 0R 1S 



The free hydroxy! moiety of this ^hydroxy ketone is then denvatized with a derivatizing 
agent R4-X wherein RrX is a reactive agent for the introduction of a protecting group, 
especially tert-butytdimethyistryi chloride, tert-butyidimethyisityl trtflate, trimethyiailyl chloride, 
trimethylsiiyl triflate, acetic anhydride, acetic acid, acetyl chloride, benzoic acid, benzoyl 
chloride, or 2«(tert-butoxycarbonytoxyimino)-2-ph or methyl iodide or methyl 

sulfate, for producing a protected or derivattzed ^hydroxy ketone of the formula 



0 OR, OR 1i 

The Rit protected hydroxy! moiety of this protected or denvatized ^hydroxy ketone is then 
regioselectively deprotected for producing a terminal alcohol with the following structure: 

ft 



0 OA, OH 

This terminal alcohol is then oxidized for producing a denvatized cartxwytic acid with a R u 




R 4 0 




protected hydroxy! moiety of the formula 
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This compound is then deprotectad regioselectivery by removal of the protecting group R„ 
to yield a hydroxy acid of the formula: 




O OR, O 



The synthesis is then completed by epoxidizfng the above macrolide for producing the 
epothilone compound of the formula X Any substituted* in the intermediates have the 
meanings given under formula X if not mentioned otherwise. 

The invention relates to the last two steps of this synthesis (macrolactonization and 
epoxtdation, and, where protecting groups are present, removal of such protecting groups if 
desired) , but in a preferred form to the full synthesis including an steps for the synthesis of a 
compound of the formula X 

Preferred is this process for the synthesis of epothilone 9. characterized in that the starting 
materials with the corresponding substituents, where required, in protected term, are used, 
arid any protecting group or groups is or are removed. 
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Anoth r aspect of the invention is directed to a process for synthesizing an pothilone 
analog having an epoxide and an aromatic substituted In the first step of this process, a 
first epothilone intermediate and an aromatic stannane are coupled by means of a Stills 
coupling reaction to produce a second epothilone intermediate. The first epothilone inter- 
mediate has a vinyl iodide moiety to which the aromatic stannane is coupled for producing 
the second epothilone intermediate. Preferred embodiments of the first epothilone inter- 
mediate are represented by the following structure: 




O OR, O 



In the above structure, R» is methyl or preferably hydrogen, while R1 and R4 are, each 
independently of the other, selected from hydrogen (preferred), methyl or a protecting 
group, especially tert-butytdimethyisiiyi, trimethytsilyi, acetyl, benzoyl or tert-butoxycarbonyt. 

In a preferred embodiment, the aromatic stannane is a compound represented by one of 
the following structures: 
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wherein Rx is acyl, especially tower alkanoyl, such ae acetyl. 

The second epothilone intermediate has the aromatic substituted and ads olefin. In a 
prefered embodiment the second epothilone intermediate is represented by the following 
structure: 




O OR, 0 

wherein R i0 is a radical repr es e n ted by any one of the following formulae: 
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>ftc 



p ; and 0n a broader aspect of the invention) } 

N N 




wherein Rx is acy< t specially lower alkanoyi, such as acetyl; 



and wherein the other moieties are as defined under formula XI. R* preferably being 
hydrogen. 
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In the second st p of this process, the cis olefin of the second epothilone intermediate is 
epoxidtzed to produce the epothilone analog, in a preferred embodiment the epothilone 
analog is represented by the following structure: 




(XIII) 



wherein the moieties are as defined for the first and second epothilone intermediate 
mentioned above; if desired, any protecting group(s) can then be removed. 

In a preferred mode of the above-mentioned process for synthesizing an epothilone analog, 
there are several additional steps that arre performed prior to the Stile coupling. The first of 
the additional steps involves the condensation of a keto add represented by the formula 

O R,0 0 

with an aldehyde represented by the following structure: 




wherein R, y is hydrogen of (CHtMsottd phase support) wherein m is a positive integer for 
producing a cartexyic add represented by the foilowign structure: 




O OR, OH 

Then, this carboxylte add is estertfled with a secondary alcohd represented by to 

structure: 
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OH 

for producing an ester with a free hydroxyl moietey represented by the following formula: 



Then, there is an optional step. The free hydroxy of the above ester may be derivatized with 
a derivatizing agent for introducing e.g. a protecting group or methyl. Preferred derivatizing 
agents include reactive agents for the introduction of protective groups, especially tert- 
butyldimethyisilyt chloride, tert-butytaimethylsilyi trHlate, thmethytsilyl chloride, trimethyisilyl 
triflate, acetic anhydride, acetic add, acetyl chloride, benzoic add, benzoyl chloride or 2- 
(tert-birtoxycarbonytaxyimir^ or methyl iodide or methyl sulfate, for 

producing an optionally derivatized ester represented by the formula 



Finally, the above optionally derivatized ester is metathesized with an organo-metaflic 



Another aspect of the invention is directed to the use of each of the above-mentioned 
metathesis approaches for synthesizing libraries of epothilone analogs. In this mode, a 
combinatorial approach is employed for synthesizing libraries of epothilone analogs having 
various combinations of the preferred R group(s). 




o OR t o 




o or, o 



catalyst (as already mentioned in other cases above) for produdng the epothilone analog of 
He formula XIII. 
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Further modes of the invention are directed to each of the individual steps of the synthesis 
processes mentioned hereinabove or hereinbelow. 

Especially preferred are the following groups of compounds of the formula I and the 
intermediates with the corresponding substrtuents: (a) compounds of the formula I wherein 

R,o is a moiety of the formula \~J{~ } — : (b) compounds wherein R« is CH r F or. in 

* N 

a broader aspect, -CHaCH* -CHaOOCCH* -CH-CH, or -CH&\ (c) n is one; or any 
combination of the compounds falling under (a) to (c) aa for as they are not excluded; 
especially the compounds of formula I mentioned in the Examples and Figures below that 
meet one or more of the conditions (a) to (c). 

Especially preferred are also compounds 265 and 266 in the Figures, as well as the new 
synthetic strategies according to Figures 34 to 39. 

Especially preferred is also any one compound falling under the following definition: 
A compound of the formula 




wherein* is -CHtF.-CHfa, -CH,OOCCH* -CH^CH, or -CH*0^ 

Especially important is also the process according to Fig. I7forthe synthesis of the end 
product mentioned therein. 



As already mentioned, th compounds of formula I have useful pharmacological properties. 
Especially, they can be used tor the treatment of proliferative diseases, such as cancer. 
One of the many advantages is that the compounds can also be used against proliferative 
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diseas s that are drug-resistant The pharmacological usefulness of th compounds of 
formula I is especially demonstrated by the test systems mentioned above in the description 
of the figures; however, other test systems that are known to the man skilled in the art 
which have been used in the characterisation of Taxol and Epothilones A and B are 
appropriate as well. Especially, the compounds can be used for the treatment of solid 
cancers and leukemias, such as colon, breast lung, prostate and epithelial carcinomas. 

The present invention also relates to pharmaceutical compositions which comprise, as 
the active ingredient, one of the pharmacologically active compounds of the formula I as 
defined above or below, or a pharmaceutical^ acceptable salt thereof. Compositions for 
nteral, in particular oral, and especially for parenteral administration are particularly pre- 
ferred. The compositions comprise the active ingredient by itself or, preferably, together 
with a pharmaceutical^ acceptable carrier. The dosage of the active ingredient depends 
on the disease to be treated and on the spades, age, weight skin area and individual 
condition, as well as on the mode of administration. 

The pharmaceutical compositions comprise about 5% to about 95% of the active ingre- 
dient, single-dose administration forms preferably containing about 20% to about 90% 
and administration forms which are not single-dosed preferably containing about 5% to 
about 20% of active ingredient Dose unit forms, such as coated tablets, tablets or 
capsules, contain about 0.01 g to about 2 g, preferably about 0.02 g to about 1 .0 g, of 
the active ingredient, in particular 0.02 to 0.6 g. 

The present invention also relates to the use of compounds of the formula I for the pre- 
paration of pharmaceutical compositions for use against a proliferative disease, for 
example for the treatment of diseases which respond to enhancers of tubulin polymerize* 
tion, in particular of the abovementioned diseases. 

The pharmaceutical compositions of the present invention are prepared in a manner 
known per se, for example by means of conventional mixing, granulating, coating, die- 
solving or lyophilizing processes. Thus, pharmaceutical compositions for oral use can be 
obtained by combining the active ingredient with one or more solid carriers, granulating a 
resulting mixture, if appropriate, and processing the mixture or granules, If desired, to 
tablets or coated-tabiet cores, If appropriate by addition of additional excipionts. 
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Suitable carriers are. in particular, fillers, such as sugars, for example lactose, sucrose, 
mannrtol or sorbitol, cellulose preparations and/or calcium phosphates, for example tri- 
calcium phosphate or calcium hydrogen phosphate, and furthermore binders, such as 
starches, for example corn, wheat rice or potato starch, methytcellulose, hydroxypropyl- 
methylcellulose, sodium carboxymethylcelluJose and/or polyvinylpyrrolidone, and/or, if 
desired, disintegrants, such as the abovementfoned starches, and furthermore carboxy- 
methyt starch, crossiinked polyvinylpyrrolidone, alginic acid or a salt thereof, such as 
sodium alginate. 

Additional exctptents are. in particular, flow conditioners and lubricants, for example 
silicic acid, talc, stearic acid or salts thereof, such as magnesium stearate or calcium 
stearate, or derivatives thereof. 

Coated-tablet cores can be provided with suitable coatings, if appropriate resistant to 
gastric juice, the substances used being, inter alia, concentrated sugar solutions, which 
contain gum arable, talc, polyvinylpyrrolidone and/or titanium dioxide if appropriate, coa- 
ting solutions in suitable organic solvents or solvent mixtures or, for the preparation of 
coatings which are resistant to gastric juice, solutions of suitable cellulose preparations, 
such as acetytcellulose phthalate or hydroxypropyimethyteeilulose phthalate. Dyes or pig- 
ments can be admixed to the tablets or coated-tablet coatings, for example for identifica- 
tion or characterization of different active ingredient doses. 

Pharmaceutical compositions which can be used orally are also dry-fined capsules of ge- 
latin and soft, dosed capsules of gelatin and a softener, such as glycerol or sorbitol. The 
dry-fillsd capsules can contain the active ingredient in the form of granules, for example 
mixed with fillers, such as corn starch, binders and/or lubricants, such as talc or magne- 
sium stearate, and if appropriate stabilizers. In soft capsules, the active ingredient is pre- 
ferably dissolved or suspended in suitable liquid exdpients, such as fatty oHs or paraffin 
oil, it also being possible to add stabilizers. • 

Further oral administration forma are, for example, syrups which are prepared in the cus- 
tomary manner and contain the active ingredient, for example, in suspended term and in 
a concentration of about 5% to 20%, preferably about 1 0%, or in a similar concentration 
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which gives a suitable single d se, for example, when 5 or 10 ml ar measured out 
Furth r suitable forms are also, for example, pulverulent or liquid concentrates for prepa- 
ration of shakes, for example in milk. Such concentrates can also be packed in single- 
dose amounts. 

Compositions which are suitable for parenteral administration are, in particular, aqueous 
solutions of an active ingredient in water-soluble form, for example a water-soluble salt 
or aqueous injection suspensions which contain viscosity-increasing substances, for 
example sodium carboxymethylcelluiose, sorbitol and/or dextran, and rf appropriate stabi- 
lizers. The active ingredient can also be present here in the form of a tyophilisate, if ap- 
propriate together with excipients, and can be dissolved by addition of suitable solvents 
before parenteral administration. 

Solutions such as are used, for example, for parenteral administration can also be used 
as infusion solutions. 

The invention also relates to a method (process) for the treatment of the abovementio- 
n d disease states in warm-blooded animals, i.e. mammals, and In particular humans, 
preferably those warm-blooded animals which require such treatment The compounds 
of the formula I of the present Invention or their pharmaceutical salts, if salt-forming 
groups are present, are administered for this purpose for prophylaxis or treatment and 
are preferably used in the form of pharmaceutical compositions, for example in an 
amount which is suitable for enhancing tubulin polymerization and is active prophylac- 
tically or especially therapeutically against one of the diseases mentioned which respond 
to such treatment for example tumours. For a body weight of about 70 kg, a daily dose 
of about 0.1 g to about 15 g, preferably about 0.2 g to about 5 g, more preferably of 
about 0.5 to 3 g, of a compound of the formula I is administered here. 

The pharmaceutical compositions are preferably those which are suitable for administra- 
tion to a warm-blooded animal, for example a human, for treatment or prophylaxis of one 
of the abovementioned diseases and comprise an amount of a compound of the formula 
I or of a pharmaceutical* acceptable salt thereof which is active against said diseases, 
together with an excipient 
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Especially preferred are the final products and intermediates, as well as their salts, where 
salt-forming groups are present, and the reaction procedures or any parts thereof mentio- 
ned in the subsequent examples and in the figures: 

The following examples illustrate methods for the total synthesis of epothilone A (1), epo- 
thiione B (2), designed analogs and the generation of epothilone libraries. The examples 
rely inter alia on the olefin metathesis reaction and macrocydization as a means to form the 
macrocyciic ring. The disclosed methods promise the discovery of anticancer agents which 
will be superior to existing ones. The examples represent exemplary conditions which de- 
monstrate the versatility of the methodology and are not meant to be restricted to the 
modes and compounds or intermediates disclosed. 

Example 1 , Solution Phase synthesis of epothilone A and Band a nalogs using an 
olefin metathesis approach (Figures 1-101 

A method using the olefin metathesis approach to synthesize epothilone A (1) and several 
analogs (39-41, 42-44. 5147, 5640, 64-65, and 67-69) is described (Figures 1-10). In this 
example, we describe the details of our olefin metathesis approach to epothilone A (1) and 
its application to the synthesis of several of Its analogs. Key building blocks 6, 7 and 6 were 
constructed in optically active form and were coupled and elaborated to olefin metathesis 
precursor 4 via an aJdol reaction and an esteriflcation coupling. Olefin metathesis of 
compound 4, under the catalytic influence of RuCty-CHPhNPCy^ catalyst, furnished cts- 
and tran*cycflc olefins 3 and 49. EpoxMatfon of 49 gave epothilone A (1) and several 
analogs, whereas ep co d da tten of 50 resulted in additional epotWIones. Similar elaboration 
of isomeric as weft as simpler intermediates resulted in yet another series of epothilone 
analogs and model systems, 

A. Retresvnthetic Analysis and Strategy (Flours 2) 

The structure of epothilone A (1) is characterized by a 16-membered macrocyciic lactone 
carrying a cts-epoxtie moiety, two hydroxy! groups, two secondary methyl groups, and a 
gem dimethyl group, as well as a side-chain consisting of a trisubstituted double bond and a 
thiazole moiety (Figure 1). With its seven stereocenters and two geometrical elements, 
epothilone A (1 ) presents a considerable challenge as a synthetic target particularly with re- 
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gard t stereochemistry and functional group sensitivity. In search for a suitable synthetic 
strategy, w sought to appry new principles of organic synthesis and, at the same time, re- 
tain optimum flexibility for structural diversity and construction of libraries. 

In recent years, the olefin metathesis reaction became a powerful tool for organic synthesis 
(For the development of the olefin metathesis as a ring forming reaction, see: Zuercher et 
al. J. Am. Chem. Soc. 1996, 118, 6634-6640; Schwab et al. J. Am. Chem. Soc. 1996, 118, 
10O-1 10; Grubbs et al. Ace Chem. Res. 1995, 28, 446-452; Tsuji et al. Tetrahedron Lett. 
1980. 21 , 2955-2959; Katz et al. Tetrahedron Lett. 1976, 4247-42S0; Katz et al. 
Tetrahedron Lett 1976, 4241.-4254; Katz et al. J. Am. Chem. Soc. 1976, 98, 606-608; Katz 
et al. Advances in Organomet Chem. 1 977, 1 6, 283-31 7). 

In particular, a number of publications report application of this chemistry to the construction 
of macrocycles (For a number of applications of the olefin metathesis reaction in medium 
and large ring synthesis, see: Borer et al. Tetrahedron Lett 1994, 35, 3191-3194; Clark et 
al. J. Am. Chem. Soc. 1995, 117, 12364-12365; Houri et al. J. Am. Chem. Soc. 1995, 117, 
2943-2944; Furstner et al. J. Org. Chem. 1 996, 61 , 3942-3943; Martin et al. Tetrahedron 
1996, 52, 7251-7264; Xu et al. J. Am. Chem. Soc. 1996, 1 18, 10926-10927). 

inspection of the structure of epothilone A (1; Figure 2) reveals the intriguing possibility of 
applying the olefin metathesis reaction to bis(terminal) olefin 4 to yield the cis-olefin contai- 
ning macrocyclic lactone 3, which could be converted to the natural product by simple ep- 
oxidation, as retrosyntheticairy outlined in Figure 2. Oaring as it was, this strategy has the 
potential of delivering both the cis- and trans-cyclic olefins corresponding to 4 for structural 
variation. Proceeding with the retroaynthetic analysis, an esterification reaction was identi- 
fied as a means to aMow disconnection of 4 to its components, carboxyiic acid S and secon- 
dary alcohol 6. The atioi moiety in S allows the indicated disconnection, defining the alde- 
hyde 7 and keto add 6 as potential intermediates. Carboxyiic acid 8 can then be traced to 
intermediate 9, whose asymmetric synthesis via elaboration of the known keto aldehyde 12 
is straightforward. An asymmetric aflyiboration can also be envisioned as a means to con- 
struct alcohol 6, leading to precursor 10, which can be derived from the known thiazole deri- 
vative 11. This retroay n t h eti c analysis led to a highly convergent and flexible synthetic stra- 
t gy, the execution of which proved to be highly rewarding in terms of delivering epothitone 
A (1) and a series of analogs of this naturally occurring substance for biological screening 
(Figure 2). 
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B. Construction of Kev Building Blocks and Mod els aa illustrate in 
Figures 3 - 6 

As a prelude to the total synthesis, a number of building blocks were synthesized and 
utilized in model studies. Thus, fragments 7, 18a, 18b and 21 (Figure 3; schemes A-C) 
were targeted for synthesis. Aldehyde 7 was constructed by two different routes, one of 
which is summarized in Figure 3A. Thus, Oppolzer's acyiated suitam derivative 13 
(Oppolzer et aJ. Tetrahedron Lett 1989, 30, 5603-1989; OppoJzer et aJ. Pure & App(. 
Chem. 1990, 62, 1241-1250) was alkylated with 5-iodo-i -pentene in the presence of so- 
dium bis(trimethyfsilyl)amide (NaHMDS) to furnish compound 14 as a single diastereoiso- 
mer (by 1 H NMR). Lithium aluminum hydride reduction of 14 gave alcohol 15 in 60% overall 
yield from suitam 13. Oxidation of 15 with tetrapropytammonium perruthenate(V1l) (TPAP) 
and 4-methy«-morphollne-N-ox)de (NMO) yielded the desired aldehyde 7 in 95% yield. 

The synthesis of the two antipodal alcohols 18a and 18b is outlined in Figure 3B. Thus, 
gtyctdots 18a and 18b were converted to the corresponding ferf butyidiphenytsilyi ethers 
(OTPS) 17a (90% yield) and 17b (94% yield), respectively, by a standard procedure 
(TPSO, imidazole), and then to 18a (88% yield) and 16b (83% yield) by reaction with the 
vinyl cuprate reagent derived from copper(l) cyanide and vinyilitWum. 

Figure 3C summarizee the synthesis of the third required building Mock, keto acid 21, star- 
ting with the known and readily available keto aldehyde 12 (Inuka et at J. Org. Chem. 1967, 
32,404-407). Condensation of 1 2 with the sodium salt of phosphonate 19 produced ,3- 
unsaturated ester 20 in 99% yield. Cleavage of the fert-butyi ester with CF 3 COOH in 
methylene chloride resulted In a 99% yield ofcarboxyiic acid 21. 

With the requiaita fragments In hand, we turned our attention to a feasibility study of the ole- 
fin metathesis strategy. Rgure 4 summarizes the results of our work in this area. Thus, 
coupling of fragments 18a and 21, mediated by the actkw of EOC and 4-DMAP, led to ester 
22a in 86% yield. Aktoi condensation of the lithium enolate of keto ester 22a (generated by 
the action of LDA) and aldehyde 7 resulted in the formation of alette 23 and 24 in ca. 4:3 
ratio. Chromatographic separation allowed the isolation of pure 23 (42% yield) and 24 (33% 
yield). The stereochemical assignments of compounds 23 and 24 were based on an X-ray 
crystallogmphie analysis of a subsequent intermediate as will be described below. In Figure 
4, exposure of 23 to me Rua 2 («CHPh)(PCy3) 2 catalyst in methylene chloride solution r 
der high-dilution conditions at 25'Cfbr 1 2 hours resulted in dean formation of a sing*' 
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macrocyclic olefin (25) (J 12 ,13 » 15.5 Hz) in 85% yield. Similar treatment of 24 generated 
the diast reomeric trans-clefin 26 (J 12i i 3 a 15.2 Hz) as the sole product in 79% yield. Desi- 
lylation of 28 and 26 wfth TBAF and AcOH in THF at 25*Cgave dihydroxy lactones 27 (92% 
yield) and 28 (95% yield, mp 128-129 C, EtOAc-hexanes), respectively. 

X-ray crystallographlc analysis of macrocyciic diol 28 revealed the trans nature of the 
double bond and defined the stereochemistry of all stereogenic centers. Comparison of the 
1 H NMR spectra of 26 and 28 with those of 28 (J 12f13 « 15.5 Hz), 27, 31 (J12.13 » 15.7 
Hz) and 32 (vide infra) supported the trans geometry of the double bond generated by the 
olefin metathesis, and the C6-C7 stereochemistry. Therefore, the original assignment 
(Nicoiaou at al. Angew. Chem. Int. Ed. Engl. 1996, 35, 2399-2401) of the cis geometry for 
this double bond and the C6-C7 stereochemistry of the aldol products in these model sys- 
tems should now be revised as shown. Ironically, it was this erroneous, but encouraging 
assignment that let us to embark on the final plan to synthesize epothiione A by the olefin 
metathesis approach. As events unfolded (vide infra), the real system produced both the 
cis- and the trans-cyclic olefins and the metathesis approach turned but to be fruitful. 

For the purposes of analog synthesis, the 15R fragment 18b was utilized in these studies 
as well, as shown in Figure 5. Coupling of 18b and 21 with DCC and 4-OMAP led to a 95% 
yield of ester 22b. the enantiomer of 22a. LOA-mediated aJdol condensation of 22b with 
aldehyde 7 furnished aldols 29 (54% yield) and 30 (24% yield), which are diastereomeric 
with 23 and 24 of Figure 4. Olefin metathesis of 28 and 30 with the Ru0 2 («CHPh)(PCy3) 2 
catalyst led to cyclic systems 31 (J^.13 ■ 15 7 **> (80% yield) and 32 (J 12 ,13 ■ 15.4 Hz) 
(81% yield), respectively. Compounds 27, 28, 31 and 32 may serve as suitable precursors 
for the construction of a series of designed epothilones for biological investigations. At this 
juncture, however, it was considered more urgent to investigate the compatibility of the thi- 
azole side-chain with the conditions of olefin metathesis and epoxidatton. 

To this end, the chemistry shown in Figure 6 was studied. The enotate of keto add 21 (2.3 
equivalents of LDA, THF, -78 C) reacted with aldehyde 7 to afford hydroxy adds 33 and 34 
as a mixture of C6-C7 (ca 2:3 by 1 H NMR) in good yield. This mixture was coupled with al- 
cohol 6 in the presence of EDC and 4-OMAP, to afford two diastereomeric esters, 38 and 
36 (29% and 44% yield, respectively, for two steps). Bom products, 38 and 38 were subjec- 
ted to the olefin metathesis reaction, and we were delighted to observe a smooth ring clo- 
sure leading to trans-macrocydes 37 (Ji2,i3 ■ 1M Hz) (86%) and 38 Wi2,i3 ■ 15 0 ^ 
(66%). With cydized product 37 and 38 in hand, we then proceeded to demonstrate the 



WO 98/25929 



-57- 



PCT/EP9W70U 



feasibility of epoxidizing the C1 2-C1 3 double bond in the pros nee of the sulfur and olefin 
functionalitiee in the thiazole side chain. Thus, treatment of both 37 and 38 with 0.9-1 .2 
equivalents of mCPBA in CHCI3 at 0'Creaulted in the formation of epoxides 39 (or 40) 
(40%). 40 (or 39) (25%, stereochemistry unassigned), and 41 (18%, stereochemistry un- 
assigned), as well as 42 (or 43) (22%), 43 (or 42) (11%) and 44 (7%) along with some un- 
identified side products. These results paved the way for the final drive towards epothilon 
A (1). More recently we found that methyl(trffluoromethyi)dioxirane (Yang et al. J. Org. 
Cham. 1995, 60, 3887-3889) gives superior results in the epoxidation reactions in regard to 
regioselectivity and yields. Thus, olefins 37 and 38 were converted to epoxides 39 (or 40) 
(45%) and 40 (or 39) (28%), and epoxides 42 (or 43) (80%) and 43 (or 42) (1 5%), respec- 
tively. No side-chain epoxidation was observed in either case. 

C. Total Synthesis of Eoothilone A and Analog 
Encouraged by the results of the model studies described above, we proceeded to assem- 
ble epothilone A (1). Figure 7 shows the initial stages of the construction beyond the key 
building blocks 8-8. Thus, aldol condensation of 8 (2.3 equivalents of LDA) with aldehyde 7 
afforded diastereomeric products 48 and 48 (ca 3:2 ratio by 1 H NMR), which were coupled 
as a mixture with airylic alcohol 8 In the presence of EDC and 4-OMAP, to afford, after chro- 
matographic purification, pure esters 4 (52% overall from 8) and 43 (31% overall from 8). 

The olefin metathesis reaction of 4 (8R.7S stereochemistry as proven by conversion to epo- 
thilone A) proceeded smoothly in the presence of the RuC^-CHPhJfPCy^ catalyst as 
shown in Figure 8, to afford cyclic systems 8 (J-12,13 * 105 **) (48%) and 48 (Ji2 f i3 3 
1 5.0 Hz) (39%). The sUyl ethers from 3 and 48 were removed by exposure to CF3COOH in 
methylene chloride, affording dfftydroxy compounds 49 (90% yield) and 50 (92% yield), 
respectively* 

The cts-olefln 49 wee converted to epothilone A (1) by the action of mCPBA (0.8-1.2 equi- 
valents) in a reaction that, in addition to 1 (35% yield), produced the isomeric epoxides 51 
(13% yield), 52 (or 83) (9% yield, stereochemistry unassigned) and 53 (or 52) (7% yield, ste- 
reochemistry unassigned), as well as bis(epoxkles) 84 (or 88) end 58 (or 84) (10% total 
yield, stereochemistry unassigned). Reaction of olefin 49 with excess mCPBA (1 .3-2.0 
equivalents) gave a different product distribution: 1 (15%), 51 (10%), 82 (or 53) (10%), 53 
(or 52) (8%), 84 (or 58) (8%), 58 (or 84) (7%), 58 (5%), and 87 (5%). The action of di- 
methyldioxiran (Murray et al. J. Org. Cham. 1985, 50. 2847-2853) (Methylene chloride. 0 
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C) on 49 gave mainly 1 (50%) and 31 (15%), together with smaJI amounts of 53 (or 54) and 
54 (or 53) (10% total yield). 

However, we found that the preferred procedure for this epoxidation was the one employing 
methyl (trrfluoro-methyl)dioxirane (CH 3 CN t Na 2 EDTA, NaHCOs, Oxonefc, 0 C; Yang et al. J. 
Org. Chem. 1995, 60, 3887-3889), a method that furnished epothilone A (1) in 62% yield, 
together with smaller amount of its -epoxide epimer 51 (13% yield). Chromatographically 
purified synthetic epothilone A (1) exhibited identical properties to those of an authentic 
sample (TLC, HPLC, [] D , IR, 1 H and 13 C NMR, and Mass spec). Further, epoxidation of 
pure 1 with mCPBA (0.8-1.1 equivalents) resulted in the formation of bis(epoxides) 54 (or 
55) (35%) and 55 (or 54) (32%) along with sulfoxide 57 (6%), confirming the C12-C13 ste- 
reochemical assignments shown in Figure 8. Under similar conditions, -isomeric epoxide 
51 was recovered unreacted. 

The trans-olefinic compound 50 gave rise to another series of epothUones A (58-60) as 
shown in Figure 9. Thus, epoxidation of 50 with 1 .0 equivalent of mCPBA furnished com- 
pounds 58 (or 59) (5%, stereochemistry unaasigned), 59 (or 58) (5%, stereochemistry urv 
assigned) and 60 (60%, stereochemistry unaasigned). Similarly, epoxidation of 50 with 1 .0 
equivalent of dimethyidioxirane resulted in the formation of 58 (or 69) (10%), 69 (or 56) 
(1 0%) and 60 (40%). Interestingly, however, the action of methyi(trmuoro-methyt)dioxirane 
led only to 58 (or 59) (45%) and 59 (or 66) (35%) in a much cieaner fashion. 

in order to expand the epothilone A library, we utilized the 6S,7R-stereoisomer 61 (obtained 
from 47 by CF 3 COOH-induced desilytetion in 90% yield) in the olefin metathesis reaction, to 
afford cyclic compounds 62 (J 12t i3 - 9.6 Hz) (20%) and 63 (J 12 ,13 " 150 **> («*) fi- 
gure 1 0). Epoxidation of the dihydroxy macrocydic compound 62 with mCPBA (0.6-1 2 
equivalents) in CHOs at -20 to 0*Cgave isomeric epoxides 64 (or 68) (25%) and 66 (or 64) 
(23%). Side-chain epoxide 66 was not isolated in this case. Similarly, diol 63 furnished 67 
(or 66) (24%), 68 (or 67) (19%), end 69 (31%) under the same reaction conditions. The ste- 
reochemistry of epothilones 6449 remains unaasigned. Again, epoxidation of compounds 
62 and 63 using metfiylftnihjorometh^ resulted in epoxides 64 (or 65) (58%) and 

65 (or 64) (29%), and in epoxides 67 (or 68) (44%) and 66 (or 67) (21 %), respectively, in a 
cleaner fashion (Figure 10). 

In example 1 . we illustrate methods culminating in the total synthesis of epothilone A (1) 
and of analogs by an olefin metathesis approach. Furthermore, besides defining the scope 
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and limitations f this new methodology in total synthesis, the methods provide a series of 
epothilone A analogs for biological investigations and further chemical explorations. The 
high convergence and relative simplicity of the chemistry involved in this construction make 
this strategy amenable to combinatorial synthesis for the generation of large libraries of 
these structures, as illustrated in a later example. 

Example 2. Solution phase synthesis of epothilone A and B and analogs using a 

maOTtevtenftaHQn, apprwch, aa i^rtratoti in Figure 11 -19, 

In this example, we illustrate methods for the total synthesis of both epothilones A (1) and B 
(2) and of a number of analogs using our macrolactonization strategy (Nfcoiaou Angew. 
Chem. Int Ed. Engl. 1 997, 36, 525-527). The reported strategy relies on a macrolactoniza- 
tion approach and features selective epoxtdation of the macrocyde double bond in precur- 
sors 70 and 71 (Figure 1), respectively, as well as high convergency and flexibility. Building 
blocks 76-79 and 82 were constructed by asymmetric processes and coupled via WHtig, al- 
dol, and macrolactonization reactions to afford the basic skeleton of epothilones and that of 
several of their analogs by a relatively short route. The utilization of intermediate 81 , obtai- 
ned via a stereoselective WKtig reaction and its Enders coupling to SAMP hydrazone 60 
(Figure 1 7). in combination with a stereoselective aJdol reaction with the modified substrate 
1 36 (Figure 1 9) improved the stereoselectivity and efficiency of the total synthesis of these 
new and highly potent microtubule binding antitumor 1 



Figure 11 outiines the macrotactonization-based retrosynthetic analysis of epothilones A (1) 
and 8(2). Thus, retrosynthetic removal of the epoxide oxygen from 1 and 2 reveals the 
corresponding Z-oieftns, 70 and 71. as potential precursors, reepectively. The second ma- 
jor retrosynthetic step along this route is the disconnection of the macrocytic ring at the 
lactone site, leading to hydroxy acids 72 and 73 as possible key intermediatee. Moving 
further along the retrosynthetic path, an aJdoWype disconnection allows the generation of 
keto acid 76 as a common intermediate, and aldehydes 74 and 76 aa reasonable building 
blocks for 72 and 73, respectively. Keto acid 76 can bo envisioned to arise fromanasym- 
metric elaboration of the corresponding aldehyde, followed by appropriate elaboration of 
th terminal olefin. The larger intermediates, 74 and 75, can be disconnected by two slight- 
ly different ways. The first disconnection (route a) involves a retro-WHtig typo reaction ac- 
companied by a number of functional group interchanges leading to compounds 77, 76 and 
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79. The second disconnection, specifically sought for its potential to address the geometry 
issu of the trisubstituted douW bond of epothilone B (2) (route b) f involves: (i) a retro- 
Enders aJkylation, leading to hydrazone 80 and iodide 81; and (it) a retro-Wfttig type discon- 
n ction of the latter intermediate (81) to reveal aldehyde 82 and stabilized yiide 83 as po- 
tential building segments. An asymmetric elaboration of 82 then points to Brown's chiral al- 
lylborane, and an aldehyde carrying the required thiazole moiety as potential starting points. 

b. T(?fti Synfrttto 

1 . Construction of Building Bl ocks (Figures 12-131 ! 

The strategy derived from the retrosynthetic analysis discussed above (Figure 1), required 
building blocks 78-79, 82, and related compounds. Their construction in optically active 
form proceeded as follows. Figure 1 2 summarizes the synthesis of keto acid 78 starting 
with the known keto aldehyde 84. Thus, addition of (+Hpc 2 B(ailyt) to 84 in ether at -100*C 
resulted in the formation of enantiomericaJly enriched alcohol 88 (74% yield, ee >98% by 
Mosher ester determination). Sllytation of 88 with tert-butyWimethytsilyl triflate (TBSOTf) 
furnished, in 98% yield, salyt ether 88. The conversion of terminal olefin 88 to carboxyHc 
acid 76 was carried out in two steps: (i) ozonofysis in methylene chloride at -78*C followed 
by exposure to Ph 3 P to give aldehyde 87 (90% yield); and (ii) oxidation of 87 with NaCIC^ 
in the presence of 2-methyl-2-butene and NaH 2 P0 4 in SuOH-H 2 0 (5:1) (93% yield). 

The synthesis of the thiazoie-contaJning fragments 82 and 79 was accomplished as shown 
in Figure 1 2. Thus, the known thiazole derivative 88 was reduced with DIBAL (1 .6 equiva- 
lents, methylene chloride, -78 *C) to aldehyde 89 (90% yield), which reacted with the appro- 
priate stabilized yiide [P^P»C(Me)CHq in benzene at 80 # C to afford the required (E)- ,8- 
unsaturaied-akiehyde 90 in 98% yield. Addition of M^BfaJlyf) to 90 in ether/pentane at 
-100 # C gave altylle alcohol 91 in 98% yield (>97% ee by Mosher ester analysis). Protection 
of the hydroxy! group in 91 as a TBS ather (TBS CI, imid.. DMF, 99% yield), followed by che- 
moseiective dihydroxyiation (Os0 4 cat, NMO) of the terminal olefin (95% yiaid) and 
Pb(OAc) 4 cleavage of the resulting dktf (98% yield), furnished aJdehyde 82 via intermediate 
92. Finally, NaBH 4 reduction of 82 (98% yield), followed by iodination (l 2 , imidazole, Ph 3 P, 
89% yield) and phoephonium salt formation (PtvjP, neat, , 98% yield) gave the requisite 
fragment 79 via the intermediacy of alcohol 93 and iodide 94. 

Th construction of aldehyde 77 and ketone 78 proceeded from SAMP hydrazone 80 as 
shown in Figure 13. Thus, reaction of propionaldehyda with SAMP, furnished 80, which 
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upon sequential treatment with LDA (THF, 0*C ) and 4-iodo-1 -b nzyioxybutan (THF, -100 
to 0 *C ) led to compound 95 in 92% yield and >98% de ( 1 H NMR). Cleavage of the hydra- 
zone moiety by exposure to ozone (methylene chloride, -78*C , 77% yield), or by treatment 
with Mel at 60 °C followed by acidic workup (aq HCI, 86% yield), followed by NaBH 4 re- 
duction of the resulting aldehyde (96), furnished alcohol 97 in 96% yield. The latter com- 
pound (97) was then silylated with TBSCI In methylene chloride in the presence of Et 3 N and 
4-DMAP to afford siiyl ether 98 in 95% yield. Cleavage of the benzyl ether in 98 by hydro- 
genolysis [H 2 , Pd(OH) 2 cat, THF, 50 pai], gave primary alcohol 99 (95% yield), which was 
smoothly oxidized to the desired aldehyde 77 under Swem conditions [(COCT) 2 , DMSO, 
Et 3 N, 98% yield]. Addition of MeMgBr to 77 proceeded in 84% yield, and was followed by 
TPAP-NMO oxidation of the resulting secondary alcohol (100) to give the other required 
building block, ketone 78, in 96% yield (Figure 13). 

With the appropriate building blocks at hand the convergent approach to epothilones A (1) 
and B (2) could now enter its second phase. 

2. Tgftl Svrtfrwto of Epgtnjigfies a aa iHygtratrt in Pgurt 14 

The couplings of building blocks 76, 77 and 79 and the total synthesis of epothilone A (1) 
and its 6S, 7 R-diastereo isomers (111 and 112) are shown in Figure 14. Thus, generation of 
the ylide from phosphonium salt 79 with sodium bis(trimethyisiryi)amide (NaHMDS), followed 
by reaction with aldehyde 77 resulted In the formation of the desired Z-olefin 101 (J 1 2f 1 3 * 
1 0.8 Hz, obtained from decoupling experiments) as the predominant product in 77% yield, 
[2:5 ca 9:1 ; the minor Isomer (E) was removed chromatographics^ in subsequent steps). 
Parentheticsily, key intermediate 1 01 was also prepared by Wtttig coupling of phosphonium 
salt 1 14 and aldehyde 82 in a reverse of me reactir^ 

shown In Figure 1S. Thus, sicohol 99 was directly converted to iodide 1 1 3 by the action of 
t 2 , imidazole, and PtvjP (91% yield), and then to phosphonium salt 114 by hosting with 
Ph 3 P (trlphenyfptiosphJne) (91% yield). Generation of the ylide from 114 with equimolar 
amounts of NaHMDS In THF, followed by reaction with aldehyde 82 yielded 2-olefln 101 in 
69% and in ca 9:1 ratio with its E-iaomer. 

Returning to Figure 14, selective desilyiatton of the primary hydroxyl group from 101, was 
achieved by the action of camphorsurlbnic acid (CSA) in MeOH:Methylene chloride (1:1). 
leading to hydroxy compound 102 in 86% yield. Oxidation of 102 to aldehyde 74 was then 
carried out using SO3W. DMSO and Et 3 N (94% yield). With the availability of 74. we 
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were then in a positi n to investigate its aldol condensation with keto acid 76. It was found 
that the optimum conditions for this coupling reaction required generation of th dilithiode- 
rivative of 76 (1 .2 equivalents) with 3.0 equivalents of lithium diisopropytamide (LDA) in THF 
(-78 to -40*C ), followed by addition of aldehyde 74 (1.0 equivalent), resulting in the for- 
mation of a mixture of the desired product 103a and its 6S,7R-diastereoisomer 103b in ca 
1 :1 ratio and in high yield. Despite the lack of stereoselectivity in this reaction, the result 
was welcome at least with regard to the prospect it provided for the construction of the 
6S,7R-diastereoisomer of epothilones A and B. This mixture was then carried through to 
the stage of cart>oxylic acids 106 and 106 (Figure 14), where it was chromatographieally 
s parated to its components. Thus, exposure of 103a/t03b to excess of TBSOTf and 2,6- 
lutidine furnished a mixture of tstra-silyiated products 104a/104b, which was then briefly 
treated with K2CO3 in M6OH2 to afford, after silica gel flash or preparative layer chromato- 
graphy, carboxytic acids 106 (31% overall yield from 7) and 106 (30% overall yield from 74) 
(105: Rf ■ 0.61; 39: Rf - 0.70, silica gel, 5% MeOH in Methylene chloride). The indicated 
stereochemistry at C7 and C6 in compounds 106 and 106 was assigned later and was ba- 
sed on the successful conversion of 106 to epothilone A (1) as described below. 

At this stage, it was necessary to selectively remove the TBS group from the allyllc hydroxy! 
group of 105, so as to allow macrolactonization of the saeo-add substrate (72). This goal 
was achieved by treatment of 38 with teta-n-bulytamrnonium fluoride (TBAF) in THF at 
25*C , generating the desired hydroxy add 72 in 78% yield. The key macrolactonization re- 
action of 72 was carried out using the Yamaguchi method (2,4,6-trtehtorobecuoyi chloride, 
Et 3 N, 4-OMAP) at 25*C, affording compound 106 in 90% yield. Removal of both TBS 
groups from 106 (CF 3 COOH, Methylene chloride, 0 # C) furnished dlol 70 in 92% yield. Final- 
ly, treatment of 70 with nr>ethy1(trfluorom led deenry to epothilone A (1) (62% 
yield) and its -epoxide epimer (13% yieW). Synthetic epothilone A (1) was crwomatographi- 
caily purified (preparative thin layer chromatography, silica gel) end exhibited identical pro- 
perties to those of an authentic sample (TLC, HPLC, [ ]D, IR. 1 H and 1 *C NMR and HRMS). 

A similar sequence was followed for the synthesis of the 6S,7R-diastereoisomers 111 and 
112 of epothilone A (1) from compound 106 (Figure 14) via Intermediates 107 (82% yield 
from 106). 106 (85% yield from 107), and 110 (95% yield from 109). Epothilone 111 was 
obtained as the major product, together with its -epoxide epimer 1 12 (87% total yield, ca 
2:1 ratio) from oleflnlc precursor 110 by methyl(W»uoromethyl)dioxirane epoxidation. 



3. 



Total Synthesis of Eoothllones B (Fiouro 16) 
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The first approach to epothilone B (2) was designed with the aim of delivering, not only the 
natural substance, but also its 12S-diastereoisomer 125 (Figure 16), which in turn required 
the generation of both 12Z- and 12E-olefins. To this end, the ylide generated from phos- 
phonium salt 79 with equimolar amounts of NaHMOS in THF, was reacted with ketone 78 to 
afford a mixture of Z- and E-olefins 1 15 (ca 1 :1 ratio) in 73% total yield. This mixture was 
carried through the sequence to the stage of carboxytic acids 119 and 120 (see Figure 16 
for details), which were chromatographically separable. Carboxyfic acid 120 (mixture of ge- 
ometrical isomers) with the wrong stereochemistry at C6 and C7 (6S.7R) was abandoned at 
this stage, whereas the mixture of 2- and E-isomers 119 with the correct stereochemistry at 
C8 and C7 (6R,7S) was taken to the macrolactone stage (compounds 121 and 122) via hy- 
droxy acid 6', by: (I) selective desitylation of the C1 5 hydroxyl group (TBAF, THF, 75% 
yield); and 00 Vamaguchi cydization (37% yield of 121, plus 40% of 122). Deprotection of 
bis(si)ylether) 121 by treatment with CF 3 COOH in methylene chloride afforded dlol 71 in 
91% yield. Finally, epoxidation of 71 with mCPBA in benzene at 3*C gave epothilone 8 (2), 
together with its a-epoxide epimer 124 in 66% total yield and ca 5:1 ratio ( 1 H NMR) white 
the use of dimethytdioxirane, gave 2 and 124 in 75% total yield in the same ratio (ca 5 : 1 in 
favor of 2). EpoxidatJon of 71 with methyl (trtfluoromethyi)dioxirane in CH3CN at 0*C impro- 
ved the yield of epothilone B (2) and its -epimer 124 to 85%, but did not significantly chan- 
ge the dlastereoseiectivrty of the reaction. Epothilone B (2) was purified by silica gel prepa- 
rative layer chromatography and exhibited identical properties (TLC, HPLC, ( ]r> IR, 1 H and 
13 C NMR, and HRMS) with those .of an authentic sample. 

By the same sequence, and in simitar yields, the macrocyde 122 containing the E-endocyc- 
lic double bond (Figure 16), was converted to the l2S-epimeric epothilone B 125 and its - 
epoxy epimer 128 via ^hydroxy macrocyclic compound 123 (epoxidation with methy1(tnflu- 
oromethyQdlodrane). 

In order to improve the efficiency of the route to epothilone B (2). a more stereoselective to- 
tal synthesis was devised and executed as follows. Figure 1 7 addressee the stereoselecti- 
ve construction of intermediate 78 with the 1 22-geometry. Thus, condensation of the stabi- 
lized ylide 83 (obtained from 4-bromo-1 -butane by: (I) phosphonium salt formation; (II) anion 
formation with NaHMOS; and (IB) quenching with Me0C(0)O) with aldehyde 82 proceeded 
smoothly to afford oieflnic compound 127 in 95% yield and as a single Homer. Reduction 
of the methyl eater in 1 27 with DIBAL resulted In the formation of attytle alcohol 1 28 (98% 
yield), which was deoxygenated by first reacting it with PrvjP-CCI* 
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LiEt 3 BH, to afford the desired trisubstituted 122-oiefin 130, via chloride 129, in 82% overall 
yield. The latter compound 130 was regioaelectively hydroborated with 9-BBN and conver- 
ted to the primary alcohol 131 (91%), which was then treated with ^-imidazole-Pr^P to 
afford iodide 81 (92% yield). This iodide was then used in an Enders aJkyiation reaction 
with SAMP hydrazone 80 to give compound 132 as a single isomer ( 1 H NMR) and in 70% 
yield. Treatment of hydrazone 132 with monoperoxyphthaiic acid magnesium salt (MMPP) 
in MeOH:phosphate pH 7 buffer (1:1) resulted in clean conversion to nrtrile 133 (80% yield), 
which formed aldehyde 75 (82% yield) upon exposure to DIBAL at -78°C in toluene solu- 
tion. 

The homogeneous aldehyde 75 was converted to epothilone B (2) by the sequence depic- 
ted in Figure 18. Thus, condensation of the dianion of 76 with 75 as before (Figure 16), 
produced two diastereoisomers, 1 17a (6R,7S stereoisomer) and 117b (8S,7R stereoisomer) 
in high yield, and in ca 1 .3:1 .0 ratio (1 17a:1 17b). This mixture was carried through the indi- 
cated sequence to carboxyHc acids 119 (32% overall yield from 75) and 119 (26% overall 
yt id from 78), which were separated by silica gel preparative layer or flash column chroma- 
tography and taken individually further along the sequence as described for the correspon- 
ding stereoisomers mixtures shown in Figure 16. Thus, 119 was selectively deprotected 
with TBAF to afford hydroxy acid 73 (73% yield), which was then cydized to macrolactone 
121 in 77% yield by the Yamaguchi method. The conversion of 121 to epothilone B (2) and 
its -epoxide epimer 1 19 has already been described above (Figure 16). 

In an effort to improve the diastereoseiectivity of the aidol condensation between C1-C6 
and C7-C15 fragments, the following chemistry was explored (Figure 19). Thus, ketone 136 
(prepared from ketone 67, Rgure 12, by selective reduction, followed by ailylatton) was con- 
verted to its erotate wWi stok*kvnetric amounts of LDAand reacted with aldehyde 75 (Z- 
isomer), affording coupling products 137 and 136 in 65% total yield and ca 3:1 ratio, with 
the desired compound 137 predominating as proven by its conversion to 119 and epothi- 
lone 8 (2). Thus, chromatographic purification (silica gel, 20% ether in hexanes) led to 137, 
which was efficiently transformed to the previously synthesized intermediate 119 (Figure 18) 
as follows. The newly generated hydroxy! group in 137 was ailylated with TBSOTf-2,6-luti- 
dine to furnish 139 (96% yield), which was then selectively desilylated at the primary positi- 
on by the mild action of camphorsulfonic add (CSA) in MeOH-Methytene chloride, leading 
to 140 (85%). Finally, sequential oxidation of th primary alcohol with (COO)rO M $0-©3N 
(95% yield) and NaOO r NaH2 po 4 (90% yield) led to hydroxy add 1 19 via aldehyde 141 . 
The conversion of 119 to 2 has already been described above (Figure 18). This sequence 
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represents a stereoselective and highly efficient synthesis of epothilone B (2) and opens the 
way for the construction of further analogs within this important family of microtubule bin- 
ding agents. 

The chemistry described in this example defines a concise methodology for the construction 
of epothiiones A (1) and 3 (2) baaed on a macrolactonfcation strategy, and which enjoys 
convergency and flexibility for structural diversity. The methodology is not limited to epothi- 
iones A (1) and B (2), but can be extended to numerous intermediates and structural ana- 
logs included herein. In addition, the resultant analogs will piay a crucial role in elucidating 
structure-activity relationships of these new substances and in determining their relevance 
to cancer chemotherapy. Binding assays, vtda infra, have demonstrated that compounds 
70, 71, 123 and 12S show binding affinities to microtubules comparable to those of epothi- 
iones A (1), B (2), and Taxo! m . 

Example 3: Solid Phase synthesis of the aoothilonea as illustrated in Flours* 20- 
21 and F1ouraa49-S0. 

In this example, we demonstrate the first solid phase synthesis of epothilone A (1) and the 
total synthesis of epothilone B (2), the generation of a small epothilone library, and the iden- 
tification of a synthetic epothilone that interacts with tubulin more potently than epothiiones 
A (1) and B (2) and Taxol (Figures 20-24 and Figures 49-50). The solid phase construction 
of 1 may herald a new era of natural products synthesis and, together with the solution pha- 
se synthesis of 2, paves the way for the generation of large combinatorial libraries of these 
important molecules for biological screening. 

The strategy for the sofld phase synthesis of epothilone A (1) waa based on the retrosynthe- 
tic analysis indicated In Figure 20 (Nlcolaou et a!. Angew. Chem. Int Ed. Engl. 35, 2399- 
2401 (1990); Yang etaL Angew. Chem. Int Ed. Engl. 36 ,166-168(1997)). Thus, it was an- 
ticipated that the three requisite fragments (143-146), one on a solid support (146). would 
be coupled together sequentially through an aidoi reaction, an esterification reaction, and 
an olefin metathesis reaction, the latter simultaneously cyctthg and liberating the product 
from the solid support (144+146+143 leads to 142 which leads to 141; Figure 20). A simple 
desilyiation and epoxidation reaction would then complete th total synthesis of epothilon 
A (1) and analogues thereof (141 leads to 1; Figure 20). The outlook tor obtaining two pro- 
ducts at each of the aldoi, metathesis, and epoxidation steps was considered advantageous 
for the purposes of library generation. 
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As illustrated In Figure 21, Merrifield resin (148) was converted to phosphonium salt 147 in 
>90% yield by sequential reaction with: (i) 1 ,4.butanediol-NaH-n.Bu 4 NI catalyst; (ii) Ph 3 P- 
i dine-imidazole; and (iii) Ph 3 P. Preferred alternative resins, other than the Merrifield resin, 
employable in this procedure include PEQ-polystyrene, hydroxymethyl polystyrene, formyl 
polystyrene, aminomethyl polystyrene and phenolic polystyrene. Ylide 148 generated from 
147 by the action of NaHMDS in THRDMSO at 25°C. reacted with aldehyde 149 at 0*C to 
form olefinic compound 150 in >70% yield. The geometry of the double bond in 150 was 
tentatively assigned as Z but its geometry was neither rigorously determined nor did it mat- 
t r for our purposes. Desiiyiation of 150 withHF*pyr., followed by Swem oxidation of the 
r suiting primary alcohol furnished aldehyde 145 in high yield (>95%). The aJdol condensa- 
tion of the polymer-bound aldehyde 145 with the dianion derived from keto acid 144 in the 
presence of ZnCI 2 in THF gave a mixture of diastereotsomers (ca 90% yield, ca 1 :1 ratio). 
Finally, introduction of the heterocyclic segment 143 onto the growing substrate was achie- 
ved by esterification, leading to the required precursor 152 in ca 80% yield. Exposure of 
152 to RuCI 2 («CHPh)(PCy3) 2 catalyst (153) in methylene chloride at 25 # C released from 
the resin olefinic compounds 154-158 and 141 (52% total yield, 154:155:158:141 ca 3:3:1:3 
as determined by HPLC). Compounds 154-158 and 141 could be separated either by HPLC 
or by preparative layer silica gel chromatography, and the two with the correct C6-C7 stere- 
ochemistry (e.g. 155 and 141) were desilyiated by exposure to TFA to afford epothilone pre- 
cursors 157 (92%) and 158 (90%), respectively. Epoxidation of 157 and 158 with trifluoro- 
(methyl)dioxirane then furnished epothilone A (1, 70%) and its diastereoiaomer 159 (45%), 
respectively. The -epoxy isomers of 1 end 159 were also obtained in these epoxidation re- 
actions; Pure synthetic epothilone A (1) exhibited identical properties (TLC, [ ] D . 1 H and 
1 3 C NMR, IR and HRMS) to those of an authentic sample (Figure 21 ). 

The solid phase synthesis of epothilone A (1) described herein (Figures 20-24 and Figures 
49-50) represents a new concept for the total synthesis of natural products, traces a highly 
efficient pathway to the naturally occurring epothiiones, and opens me way for the genera- 
tion of large combinatorial epothilone libraries. The biological results demonstrate that more 
potent microtubule binding analogues than the parent epothiiones can be obtained (e.g. 
compound 71 ; biological results vide infra) by chemical synthesis. Furthermore, our findings 
point to lipophilic substituents rather than the epoxide moiety as important elements for bin- 
ding activity. 
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The epothilon library (Figures 24-25) was designed without a methyl group at C-8 (the ne- 
cessity of this methyl group for biological activity will be tested first through the synthesis of 
8-nor epothilone A prior to undertaking the construction of this library) for simplicity. The 
C1 -C5 fragment is varied as outlined in Figures 24-25, whereas the stereochemistry at C-6, 
C-7, C-1 2 and C-1 5 is deliberately varied to multiply the number of compounds by two for ' 
each center. In addition, groups R1 , R3 and R4 also vary. The requisite building blocks 
(boxes, lower part of Rgures 24-25) are known in the prior art and synthesized by standard 
methods; solid support is prepared from polystyrene as shown in Figures 24-25. The eno- 
lates of the corresponding ketoactds are generated by the action of LDA and the aidoi pro- 
ducts are derivatized with R3 and condensed with 165 to afford 166. Palladium catalyzed 
coupling of 166 with specific aromatic stannanes, followed by olefin metathesis, form the 
macroring and simultaneously release the substrate from the solid support The remaining 
two steps are carried out in solution. The epoxidation is carried out using a solid ohase- 
bound peracid or dimethytoxirane, (for minimal work-up procedures) and the desilylation 
step is conveniently achieved by HF^pyr in methylene chloride. The final products are ge- 
nerally pure enough for characterization and biological assay (or they can, if necessary, be 
purified by HPLC) and their numbers may vary from hundreds to thousands (see description 
of figures section for figure 25 for a calculation of such a library). 

Example 4. Total Synthesis of Enoxaiones A and gooxal one Analooa as 
illustrated in Figures 24-30 

In this example, we report the total synthesis of a novel series of designed epothiiones with 
an oxygen instead of a sulfur atom at position 20 (see Figure 24). The name epoxaiones 
(ep for epoxide, oxa for oxazole, one for ketone; cf epothilone: ep for epoxide, thi for 
thiazde, one for ketone) is proposed for this new class of compounds. These compounds 
represent a preferred embodiment of the invention. 

The synthesis of the epoxatone A series was based on our olefin metathesis strategy to- 
wards epothilone A (1). This highly convergent and flexible sequence led to the construc- 
tion of compounds 161, 166, 160, 170, 171, 172, 178, 176, 177, 176, 179, and 180 in rapid 
fashion starting with building blocks 7, 8 and 163 (Figure 25). Thus, asymmetric altera- 
tion of aldehyde 162 (obtained via the procedure by Kendo et aJ. Tetrahedron Lett 1995, 
36, 4741-4744) with Brown's M-lpc^altyl) in Et 2 0-pentane at -100*0 furnished com- 
pound 163 in 91% yield and >98% ee. This alcohol was esterifled with the mixture of car- 
boxytic adds 45 and 46 (ca. 5:3 ratio) obtained by aidoi condensation of fragments 8 and 7 
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to afford compounds 164 and 166 as a ca. 5:3 mixture (82% total yield). Chromatographic 
separation (flash column, silica gel, 20% EtOAc in hexanes) of this mixture gave pure dia- 
stereoisomers 184 and 188. 

Subjection of precursor 184 (possessing the correct C6-C7 stereochemistry) to the olefin 
metathesis reaction [RuCI 2 <oCHPh)(PCy3) 2( CH 2 d 2 . 2S*q resulted in the formation of 
cyclic olefins 188 (40% yield) and 187 (29% yield) which were chromatographically sepa- 
rated (flash column, silica gel, 20% EtOAc in hexanes, 1 :1) (Figure 26). Exposure of 188 to 
20% trifluoroacetic acid in CH 2 CI 2 at 25*C furnished diol 188 in 89% yield. Similar treat- 
ment of 167 led to 169 (95% yield). Epoxidation of 168 with methy<(trtfluoromethyf)dioxirane 
furnished epoxides 161 (34% yield) and 170 (15% yield) which were separated by prepara- 
tive layer chromatography (silica gel, 75% EtOAc in hexanes). Similar treatment of 189 led 
to epoxides 171 (25%) and 172 (20%) (as illustrated in Figure 26). 

A parallel sequence starting with diastereoieomer 168 led to the 8S.7R series of epoxalones. 
178-180 as summarized in Figure 27. 

The synthesized compounds (161, 168, 169, 170, 171, 172, 178, 178, 177, 178, 179, and 
1 80) were tested for their tubulin assembly properties using the Hftratton-CoJorimetric Assay 
(outlined vide infra) at 20 mM concentrations at 30'C and with pure tubulin. The most po- 
tent ones (161 , 168, 189, 171 and 172) were then assayed at 0.1 , 1 .0. 2.0, 3.0. 4.0 and 5.0 
mM concentrations under the same conditions leading to the plots shown in Figure 28. 
Thus, both epoxaJonee 161 and 171 were found to be more potent than Taxoi in inducing 
tubulin polymerization, whereas compounds 168, 169 and 172 showed comparable or 
slighlty less potencies than Taxoi. The high potency of the trans-epoxJde epoxalone 171 is 
perhaps the most striking observation in these studies and holds true for the corresponding 
trans-epoxidee of epothMonee A and B. 

The implementation of the macrolactonization strategy towards the oxazoie series of epothi- 
lones B proceeded along a similar path developed for the corresponding thiazote series of 
epothilones. Figure 31 shows the stereoselective construction of the requisite aldehyde 
217 and phosphonium salt 220 starting with the reedity available oxazoie derivative 213. 
Thus, asymmetric addition of (+Hpc 2 B(al)y<) to aldehyde 213 (see Figure 31), as described 
in the preceding section gave alcohol 214. Sirytation of 214 with TBSO (tor abbreviations, 
see description of figures) and imidazole gave 99% yield of atfyiether 215. Selective dihy- 
droxytation of the terminal olefin in 21 5 employing the Upjohn procedure (NMO-Oe<>4 cat), 
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followed by NaJ0 4 cleavage of me resulting diol led to aldehyde 217 in excellent yield 
(93%). Reduction of the aldehyde group in 21 7 with NaflH 4 (99% yield) followed by expo- 
sure to Ph 3 P.l r imidazole furnished iodide 219 (87% yield) via primary alcohol 218. Finally, 
heating of 21 9 with Ph 3 P at 100 # C gave phosphonium salt 220 in 90% yield. 

In order to obtain both the 12E- and 122-isomers of epothilone B analogs, we initially under- 
took the ^stereoselective synthesis depicted in Figures 32 and 33 in which the first step 
involves a Wlttig reaction, yielding a 1:1 mixture of geometrical isomers. Thus, generation of 
the yttde from phosphonium salt 220 by the action of NaHMDS in THF at -20 # C, followed by 
addition of ketone 221. furnished compound 222 in 68% yield aa a 1:1 mbeture of £^ iso- 
mers. Preparation of the desired aldehyde 224 from 222 required selective destrytsfion of 
the primary hydroxy! group (CSA, CH 2 O r MeOH f 0 to 25 •C, 92% yield) and oxidation of 
the resulting alcohol (223) with SO^.-OMSO^N (96% yield). 

The condensation of aldehyde 224 (mixture of 12E- and 12Z-geometrical isomers, Rgure2 
32 and 33) with the anion derived from ketone (IDA, THF) proceeded smoothly at -78 *C to 
afford a mixture of dlaatereomeric aidols 226 and 227 (ca 4:1 ratio) in 73% combined yield. 
Chromatographic separation (efltea, preparative layer) led to pure 2226 and 227, each con- 
sisting of E- and Z- geometri ca l isomers (ca 1:1). Only the 6R7S diastereoisomer 226 
(leea polar mixture of 012,13 geometrical isomers) was taken forward (polarity and compa- 
rison with the natural series was used as a guide to choose the desired 6R, 7S4iastareotso- 
mer at this stage). The geometri c al isomers were separated after the macroiactoniation 
reaction (vide infra). 

The next task In ma l yntf iesii was to prepare hydroxyadd (Figure 33). To this end, the hy» 
droxy group In 220 wee stfytated (TBSOTT*2,6-iutidine, 96%) to afford tris(siryiether) and 
then se le ctivel y unprotected at the primary position by exposure to CSA in MeOHiCHaOt at 
0 to WC leading to 228 (86% yield). A stepwise protocol ws* used to 
cohd to the desired carttwyttc add: (1) (COOJj-OMSO^jN. -78 to 0 yielding sxJshyd 
(94% yield); and 00 NaCK3 r 2-methyt-2-butene. NaHjPO. furnishing add (99% yield). Se- 
lective deeirytatton at tha alr^ 
yield. 

YamagucN macrotactonization of hy dr oxyadd aa in the natural eeriea (2,4,6-trichlorobenzo- 
ylchkx^EWM^iy^^ 

graphy (silica. 20% ether/hexanes) lied to lactones 229 (Rf ■ 0.24, 38%) and 230 (Rf ■ 0.20, 
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42%). The identity of 229 was proven by comparison with an authentic sample prepared by 
a stereoselective route. Deprotection of 229 and 230 was carried out with HF*pyr. in THF at 
25 -C and furnished dtois 231 (62% yield) and 232 (82% yield), respectively. Finally, epoxi- 
dation of 231 and 232 with mCPBA in CHO, at 0 *C furnished the corresponding a- and p- 
epoxides (2+30. 40% total yield, ca 5:1 ratio, and 3U32, 45% total yield, ca 6:1 ratio). The 
stereochemical assignments shown in Figure 33 for these compounds are tentative and are 
exclusively based on comparisons with the series related to natural epothitone B. 

A stereoselective synthesis of the 012,13-sories of tho oxazote^ontaining epothilonos 
(231, 233 and 234) was also developed and is shown in Schemes 33, 34 and 35. Thus, the 
d sired geometry of the 012,13 position was fixed by condensation of the stabilized ytide 
(Figure 34) with aldehyde 217 (benzene, D), a reaction that led to 90% yield of compound 
237. Subsequent reduction of the ester group of 237 (DIBAL, CH202, -76 *C, 99% yield), 
chlorination (Pr^P, CC! 4 , D, 81%), and further reduction (UEt 3 BH, THF, 0 •C, 97% yield) 
furnished intermediate 240 via aiiytic alcohol 238 and chloride 239. Selective hydroboration 
of 240 at the terminal olefin site was achieved by the use of 9-B8N, and after oxidative work 
up, primary alcohol 241 was obtained in 92% yield. Conversion of 241 to iodide 242 was 
subsequently carried out by the standard l^imidazole-Pt^P procedure (89% yield). The to- 
dide 242 was then used to alkylate the SAMP hydrazone (IDA, THF, -100 to -20 *Q, furni- 
shing hydrazone 243 in 70% yield. The latter compound (243) was then transformed se- 
quentially to nttriie 244 (MMPP, MeOH-phosphate buffer pH 7, 0 *C, 46% yield), and thence 
to aldehyde 224 (DIBAL, toluene. -78 'C. 64% yield). 

The aJdoi condensation of the Btitfodertvative of the ketone with stereochemical ty homog^ 
neous aldehyde 224 (Figure 35) proceeded In a eknflar fashiontothecaseof the mix- 
ture described above, leading to pure compounds 245 and 246. After chromatographic se- 
paration, the pure 6R,7S-destareoJ6omer 246 (tentative assignment of stereochemistry ba- 
sed on polarity (Jess polar) and comparison to the natural series] was taken through the se- 
quence, and on to the final products 233 as detailed in Figure 36. 

Examples. The 4 4-«ttnno aeriaa of eoothitone A analogs 

a* am Mtmfttth Aaamfl m wunnttd in Figurtt 4tHfl 

Applying the olefin metathesis approach to epothilones, we have synthesized a series of 
cyclopropane containing epothitone A analogs. Thsse compounds considerably enrich the 
known epothitone libraries In terme of molecular diversity and numbers. Btotogteal krvesti- 
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gations with these analogs established useful structure-activity relationships within this im- 
portant class of compounds. Interestingly, while the oxazole series of compounds exhibited 
comparable tubulin polymerization activity and cytotoxicity to the corresponding thiazole se- 
ries, the 4,4-ethano-epothilones proved inactive. Thesa results underscore the importance 
of conformational precision in these compounds tor biological action. 

Following the same retrosynthetic rationale as the one outlined above for the oxazole ana- 
logs, the 4,4-ethano epothilone A was analyzed as shown in Figure 40. This time, the ana- 
lysis led to building blocks 271 , 7 and 272. The latter compound (272) was easily traced t 
p-ketoaster 275 via intermediates 273 and 274. The forward construction of 267 and its 
congeners proceeded as follows. 

We began with the synthesis of cydopropyi-ketoadd 31 (Figure 41). Thus, reaction of 1,2- 
dibromoethane with ethyl proptonytacetate (275) in tha presence of K2CO3 at ambient tem- 
perature resulted in the formation of cydopropyl ketoeeter 278 (00% yield). Reduction of 
the ester- and keto- groups with UAIH 4 (93% yield) followed by Swam oxidation of the re- 
sulting did [(COCY) 2 ; OMSO; Et 3 NJ furnished ketoaldehyde 274 in 64% yield. Chemo- and 
stereoselective addition of (♦)-lpc 2 B(ailyO to aldehyde 274 (>66% ee by Mosher ester ana- 
lysis), followed by situation (TBSOTf, 2,6-iutidlne) of the generated secondary alcohol, gave 
silyl ether 273. Finally, cleavage of the terminal olefin in 273 with NaJO* in the presence of 
catalytic amounts of RuOj-H^ in MeON-H^O-CCU (2:3:2) at 29 9 C yielded the desired ke- 
toactd 272 in 43% ovarii yield from cydopropyl ketoaldehyde 274. 

The dianion of ketoadd 272 (LDA in THF at -30 *C) reacted with aldehyde 7 to form akfels 
270 and 277 In ca. 23 (ratio by 1 H NMR) (Hgufe 42). Tha coupling of the mixture of 270 
and 277 with ftagmont 271 was facilitated by EOC and 4-OMAP and th« resulting hydroxy- 
esters were chromatographJcairy separated to afford pure 268 (15%) and 278 (36%). 

fling closure of advanced intermediate 269 and epoxidation of the deeih/iated cydic diols 
are shown in Flgura 43. Thus, stirring of 260 with RuCty-CHPhMPCy^ catalyst in 
CH 2 a 2 «t 25 -C tottowad by chromatographic separation (sttca gel, preparative thin layer) 
furnished da-sndtrana-olafln* 268 (37% yield) and 279 (38% ylold). respectively. The cor- 
responding do* 280 (66% yiald) and 281 (62% yield) ware obtained by trotting the reepec- 
tive silyl ethers with 25% HF*pyr. in THF at ambient tempemture. FlnaAy , epoxidatton of 
280 with methyl (WfluoromethyOdtoxirane gave epoxides 267 (or 282) (50% yield) and 282 
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(or 267) (29% yield), whereas similar treatm nt of 281 furnished 283 (or 284) (11% yield) 
and 284 (or 283) (31% yield). The stereochemistry of epoxides 267, 282-4 is unassigned. 
The other aldol product compound 278, was processed in a similar way as described abo- 
ve for 269. furnishing the 4,4-ethano-epothilone A analogs 287-292 as shown in Figure 44. 
Again, the stereochemical details of these compounds remain unassigned. 

B. Macrolactonization Aopmifl 

The 4,4-ethano analogs of epothilones B were designed in order to test the tolerance of the 
receptor site for the substitution of the gem-dimethyl group of the natural substance. As the 
retrosynthetic analysis of Figure 45 succinctly shows, the requisite fragments for the synthe- 
sis of the designed 4,4-ethano-epothilone B (267) and its relatives, are defined as frag- 
ments 75 and 294. The synthesis of building block 294 was described in conduction with the 
stereoselective total synthesis of epothflone B, whereas that of building block 294 is shown 
in Figure 46. 

Thus, the ketocydopropene derivative 273 (Figure 46), described in the preceding section 
was subjected to ozonoiysis and subsequent reduction with RvjP to afford aldehyde 295 in 
90% yield. Further reduction [LiAI(OtBu) 3 H, THF, -78 *q, foHowed by silytation of the resul- 
ting primary alcohol 296 (TBSO, Et 3 N, 4-DMAP) furnished ketocydopropene fragment 294 
in 83% overall yield. 

Figure 47 details the coupling of fragments 294 and 75 and the assembly of a series of 4,4- 
ethano-epothilone B analogs. Thus, generation of the lithium enoiate of ketone 294 with 
LOA in THF at -78 *C to -60 fottowod by addition of aldehyde 75 resulted in the forma- 
tion of aldols 297 and 296 in ca 1:2 ratio and 71% total yieid. Stereochemical assignments 
were based on a X-ray crystaftographic analysis of a subsequent intormedate, and win be 
discussed below. The di ffe re n c e in the ratio of aldol products between fragments 296 (ca 
1 :2, Figure 47) and 297 (ca 4:1, see Figure 36) is rather striking, and It may have its origin 
in the effect of the cy cl opropane ring on the transition state of the reaction. The two diaste- 
reomeric aldol products 297 and 296 were chromatographics^ separated (silica, flash co- 
lumn chromatography) and processed separately in order to obtain both the 6S.7R and 
6R.7S series of compounds. 

Thus, stereoisomer 297 (Figure 47) was sityiated with TBSOTf and 2,6-Jutidtne affording 
tris(siryiether) 299 in 92% yield, and then exposed to the action of CSA in CH2Ct2:MeOH at 
0 to 25 "C to give hydroxy bis(slryiether) 301 {74% yield) in which only the primary hydroxyl 
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group was liberated. Stepwise oxidation of 301 with: (0 (COO),. DMSO, Et$N, -78 to 0 -C. 
96% yield, and (ii) NaCIO,, 2-methyl-2-butene, NaH,P04, 91% yield, gave sequentially aide- 
hyde 303 and carboxylic acid 306. Selective desilytation of 305 with TBAF in THF at 25 'C 
furnished the desired hydroxyacid 293 in 62% yieW. 

The intended macrolactonization of 293 was accomplished by the Yamaguchi method 
(2.4,6.trichloroberi2oylchloride. Et,N, 4-OMAP, toluene. 25 '0. high dilution), furnishing 
compound 308 in 70% yield. Exposure of 308 to HP«pyr. in THF at 25 'C resulted in the re- 
moval of both silyl groups, leading to dlol 268 in 92% yield. Finally, epoxidation of 268 with 
(trmuoromemyi)methytdioxirane in MeCN resulted In the formation of epothilone 3 analogs 
267 and 311 in ca 8:1 ratio (by 1H NMR) and 86% total yield. Preparative thin layer 
chromatography (silica, 5% MeOH in CH^y gave pure epothilone 8 analogs 267 and 31 2. 

The same chemistry was performed with diastereoisomer 298 (Figure 47) leading to epothi- 
lone 8 analogs 310. 312 and 313 via intermediates in similar yields to those described for 
297. The latter compound (309) crystallized as long needles from MeOH-EtOH (mp. 1 57 *C) 
and provided for X-ray crystallography analysis which revealed its stereochemical structure 
(see ORTEP drawing in Figure 48). 

Examples. Solid Phase synthesis of designed soothHono analogs based on 
combinatorial approach hihnlfn assembly properties of compounds 

and cytotoxic trtom mm tumor sifl Boa m iihanttd ia Bgi« 

4fr»8nti!FIW8fg»W 

in this example, we illustrate (a) the solid phase synthesis of several epothilone A analogs 
based on a combinatorial approach; (b) the tubulin assembly properties of an extensive li- 
brary of compounds; and (c) the cytotoxic actions against breast and ovarian carcinoma 
cads (including a number of Taxot-reeistant tumor cei lines) of a selected number of these 
deelgned epot hH one e. The reeuits provide comprehensive infbrmabon on structure-activity 
relationships of e poth tt onoe and set the foundation for their further development 

The structures of epothilonee are amenable to rr«difteatton by changing the configuration of 
certain stereocenters. the geometry of the double bonds, the size of the rings, and ths natu- 
re of their substttuents. Our synthetic strategies towards these molecules were, therefore, 
designed on the premise of modifying these elements so aa to reach optimum molecular di- 
versity and obtain a maximum number of library members. Figure 84 tndudee the structuree 
of an epothilone librery obtained 

scribed vide supra Biological screening of these oompounde was expected to lead to the 
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establishment of sufficient structure-activity relationships to allow th next phase of the pro- 
gram, the d sign, synthesis and id ratification of pot ntiai drug candidates, to proceed along 
a narrower track. 

The strategy for the construction of a library of epothilone A analogs was based on our epo- 
thilone A and an established variation of solid phase synthesis using Radiofrequency Enco- 
ded Combinatorial (REC™) chemistry (Nicolaou et al. Angew. Cftem. 1998. 107, 2476- 
2479; Angew. Ch*m. Int. Ed Engl 1998, 34. 2289-2291 ; Moran et aJ. J. Am. Chem. Soc. 
1999, 11 7. 10787-10788). Ftgure 50 summarizes the synthesis of a library of 12,13-deso- 
xyepothilones A from the three key fragments genericairy denoted as 334 33f and 332. 
Thus, SMART Microreactors™ containing Merrifieid resin were smoothly converted to Micro- 
reactors 148 by chain extension and phosphonium salt formation as outlined in Ftgure 50 
(the reported combinatorial chemistry was performed using MfcroKans™, while a single 
MicroTube™ was utilized to synthesize a set of four epothilone* A (i.e. 422, 428, 486 and 
480, Figures 84 and 85)). Phosphonium salt resin 148 was then sorted according to the ra- 
diofrequency tag and treated with NaHMDS to generate the corresponding ylldes which we- 
re reacted with the aldehydes 330. The SMART Microreactors 333 were pooled for washing 
and subsequent deprotection and oxidation to obtain the polymer-bound aldehydes 338. 
Further sorting and treatment with the dianion of the ketoacids 331 provided the polymer 
bound carboxyiic acids 338 as a mixture of dlastereotaomera. Resorting and esterification 
with alcohols 332 afforded dienes 337. The SMART Microreactors were separately treated 
with RuCl2(*CHPh)(PCy3)2 catalyst to simultaneously effect cydizatton via olefin metathe- 
sis, and cleavage of the products, leading to products as mixtures of four 1 2,1 3-desoxyepo- 
thilones A (339, 340, 341, 342). Each mixture was identified and subjected to preparative 
thin-layer chromatography to provide pure compounds, which were indMdualy deprotected 
by treatment with TFA in dichtoromethane and then epoxidlzed a ccor din g^. 

The epothilone library (Figure 84) was screened for induction of tubulin assembly with 5 mM 
compound at 37 # C. Previously tested compounds (in Figure 84) were reevaluated for 
comparative purposes. Most analogs wars subjected to more detailed investigation in cyto- 
toxicity assays with human ovarian and breast cancer cells, including Taxol-resistsnt lines, 
and a quantitative tubulin assembly assay that differentiates between potent taxoid com- 
pounds (Figure 65). It soon became apparent that compounds with assembly values below 
40% in th screen yielded high BC M values in the quantitative assay and had little inhibi- 
tory effect on cell growth (only positive results shown in Figure 85). 

A standard glutamate assay tested th hypothesis that taxoids mors active than Taxol in 
tubulin assembly would also be mora cytotoxic; and this was validated with over fifty ana- 
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logs. With the epothilones, however, the quantitattve assay was less successful. A low 
glutamate concentration resulted in a high false negative rate in predicting cytotoxicity, whil 
higher glutamate concentrations (e.g. 0.7 M, Figure 65) were comparable to the screening 
assay in identifying cytotoxic analogs. If •signrflcanT cytotoxicity is defined as an ICso value 
below 1 0 nM, we identified nine analogs with activity against the breast and ovarian lines 
(161 f 234, 48, 125, 171, 233, 126, 172, 71, and 231). With the screening assay, there wer 
no faJse negatives, but there were seven false positives (agents with limited cytotoxicity 
yielding >40% polymerization) among examined compounds. With the glutamate assay, 
the same results were obtained. The nine cytotoxic analogs had EC50 values of 3.3*1 3 
mM, but an additional nine agents had EC50 values of 6.0-17 mM. 

Two Taxo^resistant lines were generated from the 1 Ad ovarian celts, and resistance resul- 
ted from mutations in the M40 gene, which codes for a highly expressed bj isotype in the 
parental and resistant ceil lines. The altered amino acids were residue 270 in the 
1 A9PTX1 0 line (PheoVal) and 364 In 1A9PTX22 (AfoThr). This agreed with other obser- 
vations that the Taxol binding site is on ^tubulin. In preliminary results reported with 1 (vida 
supra) and several analogs that 1 A9FTX22 ceils retained nearly complete sensitivity to apo- 
thilones, while 1 A9PTX10 cede remained partially resistant to the drugs, these findings 
have been confirmed (Figure 66). The relative resistance observed with 1 A9PTX22 ceils 
was 27-fold with Taxol and 1 .0-2.7-fold with the eleven cytotoxic apothilones. with 
1A9PTX10 cells, relative resistance was 23-fold with Taxol and 3.5-9.1-fold with the epo- 
thilonee. The Taxol and epothilone binding sites oould overlap, since 1 and 2 are competi- 
tive inhibitors of Taxol binding to tubulin polymer. If one assumes that Phegjrj and AJa^ 
interact directiy with Taxol, the reeuita with the resistant ceils suggest that Phe^o is more 
important than Ala^ in the interaction of epothilones at the Taxol binding site. 

The data shown In Rgure 64 and 68, together with previously reported results, revealed im- 
portant information regarding structure-activity relationships iot in vitro tubulin polymeriza- 
tion and cytotoxicity, and load to several conclusions. That the meerocyde ie important was 
confirrned by the lack of significant tubuiin polymerization activity of the open chain olefin 
metathesis precursor 4b. Inversion of the 3-OH stereochemistry resulted in reduced tubulin 
polymerization potency. Interestingly, however, ^^unsaturated lactones (a.g. 42 and 36) 
retained significant tubulin aasombly properties (Figure 66) suggesting a conformational, 
rather than a direct binding affoct for thfo hydroxy! group. Neither 42 nor 36, however, exhi- 
bited significant cytotoxicity indicating an additional role for the 3-OH group. Subetttutionof 
the 4.*errNjimethyl with a 4,4-ethano moiety (e.g. 267a and 267b) resulted in toss of tubulin 
polymerization activity in al caaee, pointing to the crucial importance of a proper conforma- 
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tion of epothilones for biological activity. Apparently the partial sp* character and the ac- 
companied widening of the C3-C4-C5 angle introduced int lerable conformatf nal changes 
within the macrocycie for effective interaction with tubulin. Another dear requirement for tu- 
bulin polymerization activity was the (6H7S) stereochemistry as revealed by the failure of 
all (6S.7A) stereoisomers to induce tubulin polymerization at significant concentrations (e.g. 
64, 425, 432-438, 443, 289, 312, 290, 313, 287, 319, 480-461, 484, and 37, Figures 64- 
65). Interesting, also, was the notable decrease in interaction with tubulin upon inversion of 
the C8 methyl group (e.g. 488 V8 49), introduction of a yem-dimethyl group at C8 (480 49 
and 483 vs 50), and removal of the C8 methyl group (e.g. 489 vs 49 and 468 vs 49 and 
439vs58). 

The importance of the natural stereochemistry (12S,13fl) for the epoxide was demonstrated 
by the general trend of the unnatural 12R13S epoxides to exhibit lower activities in indu- 
cing tubulin assembly. Most interestingly, both the as and trans olefins corresponding to 
epothilones A and B were active in the tubulin assembly assays, and the activities of the cm 
olefins were comparable to those of the natural substances. However, we found that the 
as and, especially, the trans olefins were significantly less cytotoxic than the naturally oc- 
curring epoxides (49 and 60 vt 1,71 and 123 vs 2). Moreover, both the a- and Mpoxfdes 
derived from the 12,13 Solefinic precursors exhibited considerable ability to induce tubulin 
assembly and inhibit cell growth (58, 171 and 172 vs 1 , 128 and 128 vs 2; in fact com- 
pound 128 appears to be the most cytotoxic analog from those shown in Figure 84). 

The C1 2-methyt group consistently bestowed higher potency to all epothilones studied aa 
compared to the C 12- dee-methyl counterparts (e.g. 2 v» 1 and 233 vs 161), with the excep- 
tion of compounds 88 and 87 where comparable results were obtained. Inversion of confi- 
guration at C15 led to loss of ability to induce tubulin polymerization (141 v* 49. 346 vs 60). 
Replacement of the C1 6-methyi with an ethyl group also reduced activity in the tubulin as- 
say (461 vs 49, 487 vs 80) suggoeting that the methyl group may play a role in maintaining 
the planar conformation of the sid+chain. The inactivity of the C1 6-C1 7 epoxides further 
supports this conclusion. The epothUone pharmacophore tolerated some heterocycle modi- 
fications. Thus, a number of oxazoie derivatives exhibited activity comparable to the corres- 
ponding thiazoles. Furthermore, replacement of the thiazole with a 2-pyridyi moiety led only 
to a slight decrease in activity in the tubulin assays, whereas substitution of the C23-methyt 
with a phenyl group yielded inactive compounds). Figure 83 summarizes graphically the 
structure-activity relationships within the epothilone family of compounds as derived from 
these and previous studies. 
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The reported work demonstrates the power of interfacing combinatorial chemistry with che- 
micaJ biology as facilitated by solid phase synthesis, REC chemistry and modem biological 
assays. Furthermore, this research should facilitate the process of drug discovery and de- 
velopment in the area of cancer chemotherapy. 

Examples TqW Synthesis of Eoothilone E and Sid«-Ch.i n g pothilon* Anai^ 
via th6 SUlte Cowling Reaction as jjlyflBttfl " Ctouras 51. sa. 

in this example we report the first total synthesis of the naturally occurring epothilone E (R. 
gure 51) via an olefin metathesis reaction to form the macrocyde and a Stilte coupling to 
construct the side chain. In addition, the developed strategy was applied to the synthesis of 
a library of analogs containing a variety of aromatic systems in place of the 2-methytthiazol 
moiety of natural epothilone A (see Figures 54-58). 

Figure 51 outlines, in retrosynthetic format, the highly convergent metathesis-StfUe strategy 
towards epothilone 6 and the analogs shown in Figures 54-55. The utilization of a common 
advanced intermediate gives this Stttle strategy a distinct advantage in delivering rapidly a 
plethora of side-chain modified epothilone analogs tor biological screening. 

The epothilones shown in Figures 54-55 were constructed aa summarized in Figure 52. 
Thus, alcohol 380, prepared in 91% yield by addition of (^)-ailykffieoplnocampheyl borane 
[Icp28(allyQ] to aldehyde 340, was coupled with cartexyfic acid 348 (mixture of C8-C7 dia- 
stereotaomeni in ca 3:2 ratio in favor of 348) with DCC and 4-DMAP to afford ester 351 
(49% yield, after chromatographic separation from its C6-C7 dlastereoisomer). Exposure of 
381 to catalytic amounts of RuCl2(«CHPh)(PCy3)2 in CH2O2 at ambient temperature resul- 
ted in a mixture of and trans-cyclic olefins which were chromatographicalry separated 
on silica gel followed by deettyiation leading to diola 364 (84%) and 386 (88%), respectively. 

The required stannaries were either commercially available, synthesized according to litera- 
ture proceduree or by me sequences shown in Figure 53. For the synthesis of epothilone E, 
dibromJdo 386 was selectively metaitated with rvBuU and then reacted, in the presence of 
HMPA, with dlmethyttermamide (OMF) to afford attar NaBH4 reduction alcohol 380 in 63% 
overall yield. Protection of 360 aa a sifyt ether (TBSO, imidazole, 96% yiald) followed by a 
second metaHation (/>BuU) and exposure to /vSuaSnO (88% yield) furnished after deairyta- 
tion (TBAF, 95% yield) stannane 363. The synthesis of stannane 371 required: (I) Sono- 
gashira coupling of dibromlde 366 with 4-pentyn-i -ol [(Pd(PPh3)4-Cul. /-P^NH, 70 'C, 83% 
yield] (if) chemoseiectrve hydfogenation of the tripl bond (cat PIO2-H2. 100% yi8ld); and 
(iii) reaction with Me3SnSnMe3-c8t Pd(PPh3)3 (toluene. 100*0,93% yield). Stannan 373 



WO 98/25929 



-78- 



PCT/EP97/070U 



was prepared from dibromide 358 by reaction with piperidin (60 °C,100% yield), followed 
by palladium-catalyzed coupling with Me3SnSnMe3 [Pd(PPh3) 4< toluene, 80 *C, 100% 
yield). Similarly, 378 was obtained from 386 by reaction with NaSMe (EtOH, 25 # C f 94% 
yield) followed by exposure to cat Pd(PPh 3 ) 4 and Me3SnSnMe3 (toluene, 80 # C, 100%). 

Attachment of the aromatic moieties to the macrocyclic framework of vinyl iodides 384 and 
385 was performed with the aromatic stannanes shown in Figures 54-55 under palladium- 
catalyzed Stille-type conditions A (Pd(PPh 3 )4. toluene, 100 *C] or 8 [Pd(CN)2Cl2. DMF, 
25 5 C). Figures 54-55 indude a selection of the synthesized epothilone A analogs/the 
coupling method, and the obtained yields. 

Epothilone E (389b, Figure 56) was synthesized from its desoxy analog 356a (Figure 54) by 
epoxidation with H2O2-KHCO3-CH3CN in methanol as shown in Figure 56 (65% yield, ba- 
sed on 50% conversion). Synthetic 386b exhibited identical 1 H and 1 3c NMR spectra to 
those of the natural substance. 

Epothilone E (366b) exhibited 52% tubulin polymerization as compared to 76% for epothi- 
lone A, 98% for epothilone B and 50% for Taxoi in the filtratfon-colorimetric tubulin poly- 
merization assay. 

Examples Construction of 26-substituted eoothilones as illuatratd in Figure* 57-82 

In this example, a series of 26-substituted epothilones has been constructed by total syn- 
thesis involving a selective Wlttig oieflnatton, an aldot reaction, and a macrotac t orUzation as 
key steps. 

The approach to the C26~modrfled epothilones B, foHows the same path as that developed 
for epothilone B (vide supra), end involved the following steps: (a) a stereoselective Wlttig 
oiefination; (b) an afctol condensation; and (c) 8 macrolactonizadon (see Rgures 57-62). 

With targe quantfflee of the eMylie alcohol 392 (Figure 37) at our disposal, our immediate 
task was the selection of 6 suitable group for the protection of the primary hydroxy! functio- 
nality at C26. A triphenyimethyl (trttyf) group was judged to be most useful for this purpose, 
and indeed served admirably throughout the course of the synthesis. Thus, the key C7-C22 
aldehyde fragment 257 was synthesized from 251 as shown in Figure 37. Protection of 251 
as a trityt ether (trityi chloride, 4-OMAP, OMF) furnished 252 in 99% yiaW. Regtoseiective 
hydroboration employing 9-B8N, and an ensuing basic hydrogen peroxide work-up led to 
primary alcohol 253 in 94% yield, which was converted to iodide 254 by the action of PtvjP, 
iodine and imidazole in the mixed solvent system of MeCN:Et20 (3:1. 90% yWd). Stereo- 
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s lective aikylatlon of SAMP hydrazone via its litMio derivative (LDA, THF, -78 to 0 'C), with 
iodide 254 (-100 to -20 'C, 94% yield, baaed on ca. 70% conversion) led to hydrazone 
255. The transformation of 255 to nitrite 256 proceeded smoothly under the influence of 
MMPP (91 % yield), and reduction of the latter with DIBAL in toluene at -78 'C provided the 
key aldehyde 257 in excellent yield (97%). 

The coupling of the C1 -C6 ketone fragment with aldehyde 257 via a syn-setective aidoi re- 
action (LDA, -78 # Q ae shown in Figure 38 furnished compound 258 along with its (6S.7P). 
diastereoisomer (85% total yield, ca. 3:1 ratio in favor of 13). Chromatographic purification 
(silica get, 20% Et 2 0 in hexanes), followed by ailytation (TBSOTT, 2,Wutidine, methylene 
chloride, 0 'C, 92% yield) gave tetra(sJlyl) ether 259. The uee of buffered pyridWum hydro- 
fluoride in THF (alternatively CSA in methylene chloride/ methanol) permitted selective de- 
silytation of the primary TBS group (74% yield), which waa sequentially oxidized to aldehyde 
261 [{COCI) 2 . DMSO, Et 3 N] ( and thence to carboxytic add 262 (NaCtO* 99%). Selective 
deailylation at C15 waa achieved by the use of TBAF in THF providing the seco-acid 263 in 
89% yield. The latter compound waa in turn subjected to the macrolactonization conditions 
described by Yamaguctt allowing isolation of the lactone 264 in 75% yield. Exposure of 264 
to pyridinium hydrofluoride in THF promoted concomitant removal of both the silyt groups 
and the trityl moiety, leading to triol 265 in 78% yield. Alternatively, treatment of 264 wtth 
camphorsulfonic add in MeOH and methylene chloride resulted in the selective removal of 
the trityl group, giving 266 in 70% yield. Sharpleaa asymmetric epoxidation of 265 then gave 
26-hydroxyopothiione B (266) in 76% yield and aa a single dlaatereoiaomer (as judged by 
both TLC and 1H NMR anafyaia). 

The ready availability of the above compound 266 and intermediate* facilitated rapid ac- 
ceMtoamjn^of26^ubetitutedapothitonee. Aa indicated in Rgure 57-62, aflytlc aiconoi 
392 waa converted, in high yield, to the correapondngea^i000a< (see Rgure 57 de- 
scription of flguree for explanation of steps) by reaction with the corresponding add anhy* 
dride or chloride under ba^ conditional Mn02 oxidation of 266 

proved highly effident providing a,{Hineaturated aldehyde lOOOd (step din 85% yield. 
Further oxidation of 10004 wtth N8CIO2 led to carboxyiic add 1000a (step e) (98%) which 
waa converted to methyl eater 1 0OOf (atep f) by treatment with CH^Nj (80%). Methyiation 
(NaH-Mef) and benxytation (NaH-PhCHjBr) of 266, followed by deeitytation afforded metho- 
xyarabenzytoxycompoundelO^ Halogenation (D AST or 

CO^PtvjP), followed by deeilyiation, led to chloride 397 or 396 (ae epoxide) (73% overall 
yield) or fluoride 396 (51 % overall yield). The aldehyde obtained from Mn0 2 oxidattonof 
403 (90%) waa aubjected to Wlttig methytenation (85%) fUmlahing. after deailylation (85%). 
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terminal olefin 1000k. Similar chemistry was employed for the preparation of epothilones 
1000a-n and lOOOaM', 395 t 398. 401, 404, 407. 413 and 415 as shown in Figures 57-62. 

Example 9. Construction of 14-, 15*. 17- and 18-m«mh«rad ri nfl rgjajjvg gf 

eoothilone A as illustrated in Figures 67-70, 

This example describes the construction of 14-, 15-, 17- and 1 8-membered ring relatives of 
epothilone A and their deaoxy counterparts have been obtained by total synthesis and bio- 
logically evaluated for their tubulin polymerization properties as shown in Figures 87-70. 

This example reveals considerable structural distortions inherent In the (14)-, [15). and [171- 
membered ring epothilones. whereas the overall shape of [1 SJ-epothilone A remained rela- 
tively unchanged as compared to natural epothilone A (pSJ-epcthilone A), heightening ex- 
pectations for biological activity of the latter compound, if not for the others. 

The charted route projected epoxidation of the C12-C13 double bond of the macrocyde as 
the final step and a convergent assembly of the epothilone skeleton via a Wtttg reaction, an 
aidol condensation, and a macrolactonization. This strategy required fragments 1006, 1007 
and 1010 - Figures 67-70(made exactly as similar analogs described vida supra) or the con- 
struction of the key intermediates 1019 and 1016 (Figures 87-70) needed for the 14- and 
1 5-membered rings. A sftghtfy different strategy for the synthesis of key building blocks 
1 033 and 1035 needed for the 17- and 1 8-membered rings was adopted requiring frag- 
ments 1019, 1021 and 1022 Figures 87-70(made exactly as similar analogs described 
above). 

Aldehyde 1 008 (Figure 88) was available via a literature procedure (Eguchl et al. J. Chem. 
Soc. Chem. Commua 1904, 137-138) and served a precursor for the second required alde- 
hyde, 7. Thus, oieflnaflon of 1009, hydrotooratJon of the resulting olefin, and oxidation of the 
resulting primary alcohol 1000 furnished the desired aldehyde 1007 in excellent overall yield 
(see Figure 68). Each of these two aldehydes (1008 and 1007) was condensed separately 
with the yiide derived from phosphcrium salt 1 010 (NaHMDS, THF) to afford the correspon- 
ding 2-olefins [101 1 (77%) and 1012 (83%)) as the major geometrical isomer in each ease 
(ca.9:l ratio). The silyl group was then selectively removed from the primary hydroxy! group 
by the action of CSA leading to alcohols 1013 (81%) and 1014 (61%). Finally, oxidation of 
1013 and 1014 with SC^pyr. (DMSO-EBN) led to the targeted Intermediates 1015 and 
1016 in 81 and 84% yield, respectively. 
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The reverse yfide-aldehyde condensation approach shown in Figure 69 was utilized for the 
construction of advanced intermediates 1033 and 1035. Thus, alcohol 1017 was converted 
to iodide 1018 by treatment with Ph 3 P-l 2 .imidazole (95%) and thence to phoaphonium salt 
1019 by heating with Ph 3 P (neat. 100 'C, 97%). A similar sequence was used to prepare 
phosphonium salt 1021 from the bromide 1020 as the intermediate. The ylides derived from 
1019 and 1021 (NaHMOS. THF) reacted with aldehyde 1 022 to produce Z-oleflns 1023 and 
1 026 in 85 and 79% yields, respectively, as the major isomer (ca. 9:1 Z;E ratio). 

Each product, 1023 and 1026, was selectively desiryiated at the primary position with CSA, 
furnishing alcohols 1024 (99%) and 1027 (95%), respectively, and then converted to the 
corresponding iodides 1025 (84%) and 1028 (98%) by exposure to PTvjP^-Mdazofe. 

The iodides 1023 and 1028 were used to alkylate SAMP hydrazone 1029 according to the 
method of Endere, furnishing compounds 1030 and 1031 in 60 and 82% yield, respectively. 
Each hydrazone (1030 and 1031) was converted to the corresponding nitrile (1032, 99% 
and 1 034, 96%) by reaction with MMPP, and then to the desired aldehydes 1 033 (90%) and 

1035 (81%) by DIBAL reduction. 

Figure 70 shows the coupling of the C1-C6 segment 1036 with fragments 1015, 1016, 1033 
and 1035 and the elaboration of the products to the targeted epothilones. All synthesis de- 
scribed in this example are carried out with identical conditions and amounts as that of apo- 
thilone A and B. Thus, the enoiate generated from ketone 1036 (IDA, THF, -78 *C) reacted 
smoothly with aldehydes 1015, 1016, 1033 and 1035, affording compounds 1037 (71%), 

1 036 (72%), 1041 (77%) and 1042 (60%) as the aldot products together with their 6S,7R-di- 
astereo isomers (see Figure 70 for individual yields) which were removed by silica gel chro- 
matography. These compounds were then sirytatsd (TBSOTf-2,6-Jutitine) leading to tetra(sh 
lyQethere 1030, 1040, 1043 ttd 1044 in 85-95% yield. Selective removal of the sityl group 
from the primary position with CSA led to alcohols 1045, 1046, 1049 and 1050 which were 
oxidized to the corre sp ond i ng aldehydes (1047, 1046, 1051 and 1052) under Swem condh 
tons [(COCQrOMSO-BsN] in 85-99% yitfd. Further oxidation to the desired cartooxylic 
adds (1063, 1064, 1087 and 1096) was achieved by reaction with NaO0 2 (96-96% ylakfl. 

The cart»xyiic adds were then selectively desifytated at <M 5 by the action of TBAF produ- 
cing hydroxyacids 1056, 1056, 1059 and 1060 in 77-92% yfold. Wng closure of 1055. 1056. 
1059 and 1060 was accomplished by the YamagucN method as a»ctiy described for epo- 
thilones A and B, furnishing macrocytic lactones 1061. 1062, 1066 and 1066 in yields ran- 
ging from 70-62% (see Figure 70). The sttytefrars were removed from 1061, 1062,1066 
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and 1066 by exposure to HF»pyr. in THF, leading to [UJ. ( [15]-. [17]- and [l8]-desoxyepo- 
thilon s 1 063, 1 064, 1 067 and 1 068 (71 -91 % yi«id). 

Epoxidation of {U]-desoxyepothilone A (1063) with methyt(trifluoromethyi)dioxirane gave 
[1 4]-epothilone A (1002) essentially as a single product (52% yield), whereas epoxidation of 
the (1 5)-desoxyepothilone A (1 064) under the same conditions led to a mixture of (1 5J-epo- 
thilone A (1003 or 1069) and its dlastereomeric epoxide 1069 (or 1003) (70% yield, ca. 1:1 
ratio). The [17]-membered ring 1067 furnished a 6:1 ratio of diastereomeric epoxides (97% 
combined yield) and the [l8]-membered ring led to a ca. 2:1 ratio of products (79% total 
yield) . In all cases* the isomeric epoxides were chromatographicaJty separated but their 
stereochemical identities remain presently unassigned. 

Preliminary biological investigations with these compounds revealed significant tubulin poly- 
merization activity for [1 8]-desoxyepothitone A (1 068) (40% as compared to 72% for epothi- 
lone A and 53% for Taxol), but relatively weak activity for the two epimeric [18}-epothiJof>es 
A (1005 and 1071) and tor all [14]-, [15]- and [1 7]-epothllones A (1063, 1064, 1067, 1002- 
1 004, 1 069 and 1 070) in the flltratiorwwtorimetric tubulin assay. These results provide fur- 
ther support for the limited tolerance of the epothilone pharmacophore and Its highly speci- 
fic binding to the tubulin receptor. Further biological studies with 1068 and related com- 
pounds are made in analogy. 

Example 1 0. Biological Evaluation of Synthesized Compounds as tabulated in 
Emma, 29. and 64-66. 

We have carried out microtubule assays following literature procedures and evaluated Syn- 
th sized compounds for their ability to form and stabilize microtubules. Cytotoxicty studies 
have also been carried out In our laboratories and preliminary data is diseased vida Wra. 

The synthesized epothJJonoo were taated for their action on tubulin assembly using purified 
tubulin with an assay developed to amplify differences between compounds more active 
than Taxol. As d e m o nstrate d in Figure 22, both epothilone B (2) (EC50 ■ 4.0 ±imM) and its 
progenitor 71 (EC50 ■ 3.3 ±0 JmM) wore significantly more active than Taxol (BC50 • 1 5.0 
t2mM) and epothilone A (1) (EC50 ■ 14.0 ±0.4mM), whereas compounds 128, 188 and 123 
were less effective than Taxol (Un et ai. Cancer Chemother. Pharmacol 38. 1 36-1 40 
(1996); Rogan et aJ. Science 244, 994-996 (1984)). 

As shown in Figure 23, cytotoxicity experiments with 1 A9. 1 A9PTX10 (8-tubUln mutant), 
1 A9PTX22 (S-tubulin mutant) and A2780AO ceil lines revealed a number of Interesting re- 
sults (Figure 23). Thus, deepite its high potency In the tubulin assembly assay, compound 
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71 did not display the potent cytotoxicity of 2 against 1 A9 ceils, being similar to 1 and Taxol 
These data suggest that while the C12-C13 epoxide is not required for the epothilone-tu- 
buiin interaction, it may play an important roie in localizing the agent to its target within the 
ceil. Like the naturally occurring epothilonee 1 and 2. analogue 71 showed significant acti- 
vity against the MOR tine A2780AD and the altered 8-tubulin-expressing ceil lines 
1 A9PTX10 and 1A9PTX22, suggesting, perhaps, different contact points for the epothilo- 
nee and Taxol with tubulin (I.e. stronger binding of epothilonee around residue 384 than 
around 270 relative to toxoids). 

See example 6 (above) tor further discussion about analogs which possess strong tubulin 
binding properties and that which posees potent cytotoxic action against tumor cea lines. 

ColQrjmetriC Cvtotoxicrtv Assay for Antkreer-Druo SgMBfDfl 

The colon metric cytotoxicity assay used was adapted from Skehan et a! (Jourrrt of N*tk>n4 
Csnc* InstBW 107-1 112, 19901). The procedure providee a rapid, sensitive, and inexpen- 
sive method for measuring the cellular protein content of adherent and suspension cultures 
i n 96- well microttter plates. The method is suitable for ordinary laboratory purposes and for 
very large-scale applications, such as the National Cancer Institute's disease-oriented in 
vitro anticancer-drug discovery screen, which requiree the use of several million culture 
weiie per year. 

In particular, culturee fixed with trichloroacetic add were stained for 30 minutes with 0.4% 
(wt/vol) sutforhodamino 8 (SRB) dissolved In 1% acetic acid. Unbound dye waa removed by 
four washes with 1% acetic add, and protein-bound dye was extracted with 10 mM unbuf- 
fered Trie base (trie (hydrexymelhyQaminomethane] for determination of optical density in a 
computer-i nte rfa ce d, 96-wel mterotiter piate reader. The SRB assay results were linear with 
the number of ceNe and wfth vaJuee for cellular protein measured by both the Lowry and 
Bradford assays at densities ranging from sparse subconfluence to multtlayered supracorv 
ffuence. The signaUo-noise ratio at 5*4 nm was approximately 1.5 with 1,000 ceils per wefl. 
The sensitivity of the SR8 assay compared favorably with sensitivities of several ffuoree- 
cence assays and waa superior to thoee of both the Lowry and Bradford assays and to 
those of 20 other visible dyee. 

The SRB assay providee a cakxlmetric end point that la nondeetructive, indefinitely stable, 
and visible to the naked eye. It providee a sensitive measure of dnig^nduced is 
useful in quantitating donogertdty, and is well suited to high-volume, automated drug 
screening. SRB fluoresces strongly with laser excitation at 488 nm and can be measured 
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quantitatively at the single-cell level by static fluorescence cytometry (Skehan et al (Journal 
of National Cancer /ns* 82:1 107-1 1 1 2, 1 9901 )). 

Filtration Colorimetric Assay 

Microtubule protein (0.25 ml of 1 mg/ml) was placed into an assay tube and 2.5 ni of the 
test compound were added. The sample was mixed and incubated at 37*C for 30 minutes. 
Sample (150 ^J) was transferred to a wen in a 96-well Millipore Multiscreen Durapore hy- 
drophilic 0.22 \xm pore size filtration plate which had previously been washed with 200 ^ of 
MEM buffer under vacuum. The well was then washed with 200 I of MEM buffer. 

To stain the trapped protein on the plate, 50 nl amido black solution [0.1% naphthol blue 
black (Sigma)/45% methanol/ 10% acetic acid] were added to the Alter for 2 minutes; then 
the vacuum was reapplied. Two additions of 200 pi amido black destain solution (90% 
methanol/2% acetic add) were added to remove unbound dye. The signal was quantitated 
bv the method of Schaffner and Weissmann et al. Anal. Biochem., 5ft 502-514, 1973 as 
follows: 

200 Ml of elution solution (25 mM NaOH-0.05 mm EDTA-50% ethanoO were added to the 
well and the solution was mixed with a pi pet after 5 minutes. Following a 10-minutea incu- 
bation at room temperature, 150 til of the elution solution were transferred to the well of a 
96-well plate and the absorbance was measured on a Molecular Devices Micropiate 




All reactions were carried out under an argon atmosphere with dry, freshly distilled solvents 
under anhydrous conditions, unless otherwise noted. Tetrahydrofuran (THF), toluene and 
ethyl ether (ether) were distffled from sodium-benzophenone, and methylene chloride from 
calcium hydride. Anhydrous solvents were also obtained by passing them through commer- - 
cially available alumina column. Yields refer to chromatographies and spectroscopies 
(1 H NMR) homogeneous materia* unlees otherwise stated. Reagents were purchased at 
highest commercial quality and used without further purification unless otherwise stated. 
Reactions were monitored by thin layer chromatography carried out on 0.25 mm E. Merck 
silica gel plates (60F-254) using UV light as visualizing agent and 7% ethanolic phospho* 
mofybdic add or p-anlsaldehyde solution and heat as developing agents. E. Merck silica gel 
(60, parte! size 0.040-0.063 mm) was used for flash column chromatography. Preparative 
thin-layer chromatography (PTLC) separations were carried out on 0.25, 0.50 or 1 mm & 
Merck silica gel plates (60F-254). NMR spectra were recorded on Bruker AMX-600 or AMX- 
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500 instruments and calibrated using residual und uterated solvent as an internal referen- 
ce. The following abbreviations were used to explain the multiplicities: s > singlet d » 
doublet, t = triplet, q « quartet m « muitiplet b ■ broad. IR spectra were recorded on a 
Parkin-Elmer 1600 series FT-IR spectrometer. Optical rotations were recorded on a Perkin- 
Eimer 241 polarimeter. High resolution mass spectra (HRMS) were recorded on a VG 2AS- 
ZSE mass spectrometer under fast atom bombardment (FAB) conditions with NBA as th 
matrix. Melting points (mp) are uncorrected and were recorded on a Thomas Hoover 
Unimett capillary melting point apparatus. 

Synthesis of Aldehyde 7 as Illustrated In Figure 3A. A solution of sodium bis(trimethyl- 
silyOamide (NaHMDS, 236 mL, 1 M in THF, 1 .05 equiv) was added over 30 min at -78 *C to 
a solution of N-acytaultam 13 (synthesized according to Oppotzer et al. Tetrahedron Lett 
1 989, 30, 5603-1989; Oppoteer, W. Pure & AppJ. Chem. 1990, 62, 1241-1250) (61.0 g, 
0.225 moQ in THF (1.1 U 0.2 M). After stirring the resulting sodium enolate solution at -78 
°C for 1 hour, freshly distilled 5-todo-1-pentene (58 mL, 0.46 mol, 2.0 equiv) in hexamethyi- 
phosphoramkje (HMPA, 117 mL, 0.675 mol, 3.0 equiv) was added. The reaction mixture 
was allowed to slowly warm to 25 'C, quenched with water (1.5 L) and extracted with ether 
(3 x 500 my. Drying (MgS04) and evaporation of the solvents gave crude sultam 14 (76.3 
g), which was used without further purification. A pure sample of 14 was obtained by pre- 
parative thin layer chromatography (250 mm silica gel plate, 10% EtOAc in hexanes). Step 
2. (Reductive Cleavage of Sultam 14). A solution of crude sultam 14 (76.0 g, 0.224 mol) in 
ether (200 mL) was added to a stirred suspension of lithium aluminum hydride (LAH, 9.84 g, 
0.246 mol, 1.1 equiv) m diethytether (ether) (900 mL) at -78 *C. The reaction mixture was 
stirred at -78 # C far 15 mm, quenched by addition of watar (9.8 mL) and warmed to 0 # C. 
Sequential addition of 1 5% aqueous sodium hydroxide solution (9.8 mL) and water (29.4 
mL) was foiowed by wanning the reaction mixture to 25 *C. After stirring for 5 h v the alu- 
minum safis were removed by titration through ceiite, the filtrate was dried (MgS04) and 
the solvent was removed by distillation under atmospheric pressure. Vacuum distillation 
(bp. 86 *C / 8 mm Hg) furnished pure ak^oll5aaacokx»essott(17.l g.SO^fromsul- 
tam). Step 3: To a solution of alcohol 1 5 (0.768 g, 6.0 mrnoO in methylene chloride (30 mL, 
0.2 M) were added powdered 4 A molecular sieves (1.54 g), 4^nethylmorphollne N-oxide 
(NMO, 1 .06 g, 9.0 mmoi, 1 .5 equiv) and tetrapropylammonium perruthenate (TPAP, 0.105 
g t 0.3 mmol, 0.05 equiv) at room temperature. After stirring for 30 min, the disappearance 
of startng material waa Wlcaie^ 
was filtered mrough silto gs< snd slutsd w^ 

distilled off under atmospheric pressure to yield sldshyde 7 (0.721 g, 95%) as colorless oil. 
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Synthesis f Alcohol 18a as llluatratad In Figure 3B. (Silylation of alcohol 16a). Alcohol 
16a (5.0 g, 0.068 m I; gfycidol; Aldrich/Sigma) was dissolved in DMF (70 mU 1.0 M), the 
solution was cooled to 0 °C and Imidazole (9.2 g, 0.135 mol, 2.0 equrv) was added. After 
stirring for 10 min, tert-butylchlorodiphenyiailane (TPSCI. 24 mL, 0.088 mol, 1.3 equiv) was 
added and the reaction mixture was allowed to stir for 30 min at 0 °C and for 1 h at 25 °C. 
Ether (70 mL) was added, followed by saturated aqueous NaHCOs solution (70 mL). The 
organic phase was separated and the aqueous layer was extracted with ether (50 mL), 
washed with water (2 x 120 mL) and with saturated aqueous Nad solution (120 mL). The 
organic extract was dried (MgS04), filtered through celite, and the solvents were removed 
under reduced pressure. Rash column chromatography (silica gel, 5% EtOAc in hexanes) 
provided silyl ether 17a (18.9 g, 90%). Step 2. Silylation of alcohol 16b. Following the pro- 
cedure described for the synthesis of silyl ether 17a, alcohol 16b (5.0 g, 0.068 mol; 
Aldrich/Sigma) in DMF (70 mL, 1 .0 M) was treated with imidazole (9.2 g, 0.135 mol, Z0 
equiv) and tert-butytchlorodiphenytsilane (24 mL, 0.088 mol, 1 .3 equiv) to yield silyl ether 
1 7b (1 9.6 g, 94%). flf n 0.28 (5% EtOAc in hexanes). Step 3. Opening of Epoxide 1 7a 
with vlnytcuprate. To a solution of tetravinyttin (3.02 mL, 16.6 mmoi, 1.25 equiv) in THF (44 
mL) was added n-butyMthium (41 .5 mL, 1.6 M in hexanes, 5.0 equiv) at -78 *C and the re- 
action mixture was stirred for 45 min. The resulting solution of vinytlHhium was transferred 
via cannula to a solution of azeotropically dried (2 x 5 mL toluene) copper (I) cyanide (2.97 
g, 33.2 mmoi, 2.5 equiv) in THF (44 mL) at -78 *C, and the mixture was allowed to warm to 
-30 *C. Epoxide 17a (4.14 g, 13.3 mmoO in THF (44 mL) was transferred via cannula to 
this vinyl cu prate solution, and the mixture was stirred at -30 *C for 1 h. The reaction mix- 
ture was quenched with saturated aqueous NH 4 Q solution (1 50 mL), filtered through celite, 
extracted with ether (2 x 1 00 mL) and dried (MgS04). Alter removal of the solvents under 
reduced pressure, flash column chromatography (silica gel, 3% EtOAc In hexanes) furni- 
shed alcohol 18a 

Syntheals of AJcohol 18b as illustrated In Figure 3B. Opening of Epoxide 17b with 
Vinyicuprate. Following the procedure described for the synthesis of alcohol 1 8a, epoxide 
1 7b (1 .97 g, 6.3 mmoi, starting from commericalty available 16b in lieu of 16a) yielded 

alcohol 18b (1.78 g, 83%). 

Synthesis of Keto Add 21 aa llluatratad In Figure 3C. Homer-Wadaworth-Emmons Reac- 
tion of AWe*ydal2wimPtosphonate19. A solution of phosphonata 19 (23.6 g, 94 mmol, 
1 .2 equrv; Aldrich) in THF (1 00 mL) was transferred via cannula to a suspension of sodium 
hydride (60 % dispersion in mineral oil, 5.0 g, 125 mmol, 1 .6 equiv) in THF (200 mL) at 25 
•C. After stirring for 1 5 min, the reaction mixture was cooled to 0 # C, and a solution of side- 
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hyde 12 (10.0 g, 78 mmol; synth sized according to Inuka, T. f and Yoshizawa, R. J. Org. 
Chem. 1 967, 32, 404-407) in THF (20 mL) was added via cannula and the ice-bath was 
removed. After 1 h at 25 *C, TLC indicated the disappearance of aldehyde 1 2. The mixtur 
was then separated between water (320 mL) and hexanes (100 mL). The aqueous layer 
was extracted with hexanes (100 mL) and the combined organic layers were successively 
washed with water (200 mL) and saturated aqueous NaCI solution (200 mL). Drying 
(MgS04), concentration under reduced pressure and purification by flash column chromato- 
graphy (silica gel, 10 % EtOAc in hexanes) yielded keto ester 20 (17.4 g t 99%) as a yellow 
oil. Step 2. Hydrolysis of Keto Ester 20. Keto ester 20 (17.4 g, 77 mmol) in methylene 
chloride (39 mL, 2 M) was treated with trifluoroacetic add (TFA, 39 mL, 2 M) at 25 °C. 
Within 30 minutes TLC indicated disappearance of the ester. The mixture was concentrated, 
under reduced pressure, dissolved in saturated aqueous NaHCOj solution (20 mL) and 
washed with ether (2 x 20 mL). The aqueous phase was then acidified to pH - 2 with 4 N 
HO, saturated with NaCI, and extracted with EtOAc (6 x 20 mL). The organic layer was 
dried (MgSO«) and concentrated under reduced pressure to give pure keto acid 21 (13.0 g, 
99%) as a dear oil, which solidified on standing. 

Synthesis of Dlones 23 and 24 as illustrated In Figure 4. EDC Coupling of Alcohol 1 8a 
with Keto Acid 21 . A solution of keto acid 21 (2.43 g, 1 4.3 mmol, 1 .2 equiv), 4-(dimethylami- 
no)pyridine (4-DMAP, 0.145 g, 1 .2 mmol, 0.1 equiv) and alcohol 18a (4.048 g, 1 1 .9 mmol, 
1 .0 equiv) in methylene chloride (40 mL 0.3 M) was cooled to 0 # C and then treated with 1 - 
ethyi-(3-dimethyfanur^^ hydrochloride (EDC, 2.74 g, 14.3 mmol. 1.2 

equiv) . The reaction mixture was stirred at 0 # C for 2 h and then at 25 *C for 1 2 h. The so- 
lution was concsntratsd to dryness in vacuo, and the residue was taken up in EtOAc (10 
mL) and water (10 mL). The organic layer was separated, washed with saturated NK»a 
solution (10 mL) and watar (10 mL) and dried (MgS04). Evaporation of the solvents foilo- 
wsd by flash column chromatography (silica gel, 4% EtOAc in hexanes) resulted in pure 
keto ester 22b (5.037 g, 80%). Stsp & Aid* Condsnsatlon of Estsr 22s with Aldehyde 7. 
A solution of keto ester 22a (1 .79 g, 3.53 mmol. 1.0 equiv) in THF (15 mL) wss sddsd via 
cannula to a freshly prepared solution of lithium diiaopropyiamide [IDA; formed by addition 
of n-BuU (2.83 mL, 1.8 M solution in hsxsnes, 4.58 mmol, 1 .25 equiv) to a solution of diiso- 
propylamine (0.51 mL 4.35 mmol, 1 .2 equiv) in THF (30 mL) at -1 0 *C and stirring far 30 
mini at -78 # C. Aftsr 15 min ths rssctton mixture wss allowed to warm to -40 *C and was 
stirred for 45 min. Ths reaction mixture wss cooled to -78 *C and a solution of aldehyde 7 
(0.740 g, 5.8 mmol, 1.8 equiv) in THF (15 mL) was added dropwiss. The resulting mixturs 
wss stirred far 15 min. man wsrm^ to -WoC for 30 min, cooled back to -78 *C and then 
quenched by slow addition of saturated aqueous NH4CI solution (1 0 mL). The reaction mix- 
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turs was warmed to 25 °C, diluted with EtOAc (1 0 mL) and the aqueous phase was extrac- 
ted with EtOAc (3x10 mL). The combined organic layers were dried (MgS04), concentra- 
ted under reduced pressure and subjected to flash chromatographic purification (silica gel, 
5 /E 20% EtOAc in hexanes) to afford a mixture of aldol products 23 (926 mg, 42%) and 24 
(724 mg, 33%), along with unreacted starting keto ester 22a (178 mg, 10%). 

Synthesis of Hydroxy Lactone 28 as Illustrated In Figure 4. Olefin Metathesis of Diene 

23. To a solution of diene 23 (0.186 g, 0.3 mmol) in methylene chloride (100 mL. 0.003 M) 
was added (RuCW»CHPh)(PCya)a (» bis(tricyclohexylphosphine)benzytldine ruthenium 
dichloride) 25 mg, 0.03 moi, 0.1 equiv; available from Aldrich) and the reaction mixture was 
allowed to stir at 25 °C for 1 2 h. After the completion of the reaction was established by 
TLC, the solvent was removed under reduced pressure and the crude product was purified 
by flash chromatography (silica gel, 30% EtOAc in hexanes) to give trans-hydroxy lactone 
25 (151 mg, 85%). 

Synthesis of Hydroxy Lactone 26 as illustrated In Figure 4. Olefin Metathesis of Diene 

24. Following the procedure described above for the synthesis of hydroxy lactone 25, a so- 
lution of diene 24 (0.197 g. 0.32 mmol) in methylene chloride (100 mL, 0.003 M) was trea- 
ted with RuCI 2 («CHPh)(PCyj)a (26 mg, 0.032 mol, 0.1 equiv), to produce, after flash chro- 
matography (silica gel, 18 >E 25% EtOAc in hexanes), trans-hydroxy lactone 26 (150 mg, 
79%). 

Synthesis of Dlol 27 as illustrated In Figure 4. Desilyiation of TPS Ether 25. A solution 
of TPS ether 25 (1 45 mg, 0.23 mmol) in THF (4.7 mL, 0.05 M) was treated with glacial 
acetic acid (70 mL 1.15 mmol, 5.0 equiv) and tetmbutylammonium fluoride (TBAF, 490 mL, 
1 M solution in THF, 0.46 mmol, 2.0 equiv) at 25 *C. After stirring for 36 h, no starting mate- 
rial was detected by TLC end the reaction mixture was quenched by addition of saturated 
aqueous NH 4 0 (10 mL). Extractions with ether (3 x 10 mL). drying (MgSO*) end concentra- 
tion was followed by flash chromatographic purification (silica gel, 50% EtOAc in hexanes) 
to provide dlol 27 (76 mg, 92%). 

Synthesis of Old 26 as illustrated In Figure 4. Desilytation of TPS Ether 26: In accor- 
dance with the procedure describing the deailylaflon of TPS ether 25 using s solution of 
TPS ether 26 (31 mg, 0.05 mmol) in THF (1 .0 mL, 0.05 M). 

Synthesis of Eater 22b aa Illustrated in Figure 5. Compound 22b was synthesized accor- 
ding to the procedure as described above for Ester 22a using 18b instsad of 18a. 
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Synthssls of disnee 29 and 30 as iifuatratad in Figure S. Compounds 29 and 30 wars 

synthesized according to the procedure as described above for 23 and 24 using 22b in- 
stead of 22a. 

Synthesis of Hydroxy Lactone 31 as Illustrated In Figure 5. Compound 31 was synthesi- 
zed according to the procedure as described via supra for 29 and 26 using 29 instead of 23. 

Synthesis of Hydroxy Lactone 32 as Illustrated In Figure 9. Compound 31 was synthesi- 
zed according to the procedure as described via supra for 29 and 29 using 30 instead of 24. 

Synthesis of Hydroxy Adds 33 and 34 as Illustrated In Figure 9. Akfctf Condensation of 
Acid 21 with Aldehyde 7. A solution of keto acid 21 (752 mg, 4.42 mmol, 1.0 squiv) in THF 
(22 mL) was addsd dropwise at -78 'Ctoa freshly prepared solution of LDA [formed by ad- 
dition of n-BuU (6.49 mL, 1.6 M solution in hexanes, 10.4 mmol, 2.35 equrv) to a solution of 
diisopropylamine (1.43 mL, 10.2 mmol, 2.3 equrv) in THF (44 mL) st -10 *C and stirring for 
30 min). After stirring for 15 min the reaction mixture was allowed to warm to -30 *C and stir- 
red at that temperature for 1 .5 h. The reaction mixture waa cooled back to -76 *C and a so- 
lution of aldehyde 7 (0.691 g, 7.07 mmol, 1 .6 equrv) in THF (22 mg was added via cannula. 
The resulting mixture was stirred for 1 5 min at -78 *C ( then wanned to -40 oC and stirred 
for 1 h, cooled to -78 *C and quenched by slow addition of saturated aqueous NH«Ct (10 
mL) solution. The reaction mixture was warmed to 0 *C, and acetic acid (1 .26 mL, 22. 1 
mmoL 5.0 equiv) was added, followed by warming to 25 *C. Extractions with EtOAc (6x15 
mL), filtration through a short plug of silica gel and concentration afforded, in high yield, a 
mixture of aidol products 33 and 34 along with unreacted starting add 21 in a 35:50:1 5 ratio 
(1HNMR). This crude materia* was used without further purification. 

Synthesis of Esters 36 and 39 as Illustrated in Figure 6. EOC Coupling of Alcohol 6 with 
Keto Adds 33 and 34. By analogy to the procedure described above for the synthesis of 
ester 22a, a solution of keto adds 33 and 34 (1.034 g cnjds), 4-dimethylamtnopyridine (4- 
DMAP, 43 mg, 0.35 mmol). and aicohoi 6 (1.1 g, 5.24 mmol; syntheeized as compound 91 
(see above); sg. alcohol 6 as shown in flgurs 6 is the same compound as compound 91 as 
shown in figure 12) in methylene chloride (4 mL) waa treated with l-ethyH3-dimethylamino- 
propyO-3-carbodiimide hydrochloride (EOC, 1 .00 g, 5.24 mmol) to provide, altar column 
chromatography (silica gel, 20% EtOAc in hexanes), ester 35 (0.567 g, 29% from keto acid 
21) and ester 36 (0.863 g, 44% from keto acid 21). 

Synthesis of Hydroxy Lactone 37 aa illustrated In Figure 6. Olefin Metathesis of Diene 
35. A solution of diene 35 (58 mg, 0.12 mmol) in methylene chloride (129 mU 0.001 M) wss 
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treated with bis(tricydoh«xyfphosphine)benzylldine ruthenium dichloride 
({RuCI 2 (*CHPh)(PCya)i, 10 mg, 0.0012 mmol, 0.1 equrv, Aldrich), in accordance with me 
procedure described for the synthesis of hydroxy lactone 25, to furnish, after column 
chromatography (silica gel, 15% EtOAc in hexanes) hydroxy lactone 37 (48 mg, 86%). 

Synthesis of Hydroxy Lactone 38 as illustrated In Figure 6. Compound 38 was synthe- 
sized according to the procedure as described via supra for 38 using 38 instead of 38. 

Synthesis of Epothllones 39, 40 and 41 as illustrated In Figure 8. EpoxidatJon of trans- 
Hydroxy Lactone 37. Procedure A: A solution of trans-hydroxy lactone 37 (20 mg, 0.08 
mmol) in CHCIj (1 mL, 0.08 M) was treated with meta-chloroperbenzoic acid (mCPBA, 57- 
86 %, 1 5 mg, 0.05-0.07 mol, 0.9-1 .2 equrv) at -20 *C, and the reaction mixture was allowed 
to warm up to 0 °C. After 12 h, disappearance of starting material was detected by TIC, 
and the reaction mixture was then washed with saturated aqueous NaHCOj solution (2 mL) 
and the aqueous phase was extracted with EtOAc (3x2 mL). The combined organic layer 
was dried (MgS04), filtered and concentrated. Purification by preparative thin layer chroma- 
tography (250 mm silica gel plate, 30% EtOAc in hexanes) furnished epothllones 39 (or 40) 
(12 mg, 40%), 40 (or 39) (7.5 mg, 25%) and 41 (5.4 mg, 18%). Procedure B: To a solution 
of trans-hydroxy lactone 37 (32 mg, 0.07 mmol) in acetonrtrile (1 .0 mL) was added a 0.0004 
M aqueous solution of disodium salt of ethyienediaminetetraacetic add (Na^EDTA, 0.5 mL) 
and the reaction mixture was cooled to 0 *C. Excess of 1,1,1-trtfluoroacetone (0.2 mg was 
added, followed by a porttonwtee addition of Oxonefc (200 mg, 0.35 mmol, 5.0 equrv) and 
NaHCOs (50 mg, 0.58 mmol, 8.0 equrv) with stirring, until the disappearance of starting ma- 
terial was detected byTLC. The reaction mixture was then treated with excess dimethyl 
sulfide (150 mL) and water (1.0 mL) and then extracted with EtOAc (4 x 2 mL). The com- 
bined organic layer was dried (MgSOJ, filtered, and concentrated. Purification by prepara- 
tive thin layer chromatography (280 mm silica gel plate, 70% EtOAc In hexanes) provided a 
mixture of diastereomeric epoxides, epoxide 39 (or 40) (15 mg, 45%) and a-tsomeric 
epoxide 40 (or 39) (9.2 mg, 28%). 

Synthesis of Epothllones 42, 43 and 44 as Illustrated In Figure 8. Compounds 42, 43, 
and 44 were synthesized according to the procedure as described above for 39, 40 and 41 
using 38 instead of 37. 



Synthesis of Hydroxy Keto Adds 48 and 48 as illustrated In Figure 7. Compounds 48, 
and 48 were synthesized according to the procedure as described above for 33 and 34 
using 8 instead of 21. 
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Syntheeie f Hydroxy Estsrs 4 and 47 it illustrate in Figure 7. Compounds 4 and 47 
were synthesized according to the procedure as described above for 39 and 38 using 45 
and 46 instead of 33 and 34. 

Synthesis of Hydroxy Lactones 3 and 48 as lllustratsd In Figure 8. Cyclization of Diene 
42 via Olefin Metathesis was performed using conditions as described for the conversion of 
23 to 25 above substituting 4 in lieu of 23 to form 3 and 48. 

Synthesis of cle-OJhydroxy Lactones 49 and 50 as Illustrated In Figure 8. Destination 
of Compound 3 and 48: Compounds 49 and 50 were synthesized according to the proce- 
dure as described above for 28 and 28 using 3 and 48 instead of 28 and 28. 

Synthesis of Epothilonee A (1) and 51-57 as Illustrated In Figure 8. Epoxidation of cis- 
Dihydroxy Lactone 49. Procedure A: A solution of ds-dihydroxy lactone 4S (24 mg, 0.05 
mmol) in CHCJj (4.0 mL) was reacted with meta-chioroperbenzoic add (mCPBA, 57-86%, 
13.0 mg, 0.04^.06 mmol, 0.8-1 .2.equiv), at -20 to 0 *C, according to the procedure descri- 
bed for the epoxidstion of 37, resulting in the isolation of epothiione A (1) (8.6 mg, 35%), its 
isomsric a-epoxido 51 (2.6 mg, 13%), and compounds 52 (or 53) (1 .6 mg, 9%), 53 (or 52) 
(1 .5 mg, 7%), 54 (or 55) (1 .0 mg, 5%), and 55 (or 54) (1 .0 mg, 5%) (stereochemistry unaa- 
signed for 52 and 53 and for 54 and 55), alter two consecutive preparative thin layer chro- 
matographic purifications (250 mm silica gel plate, 5% MeOH in methylene chloride and 
70% EtOAc in hexanes). Procedure B: To a solution of ds-dihydroxy lactone 49 (1 5 mg, 
0.03 mmoO in methylene chloride (1.0 mL) at 0 *Q was added dropwtse a solution of dl- 
methyldioxirane in acetone (ca 0.1 M, 0.3 mL, ca 1 .0 equiv) untfl no starting lactone was 
detectable by TIC. The solution was then concentrated in vacuo and the crude product was 
subjected to two consecutive preparative thin layer chromatographic purifications (250 mm 
silica gel piste, 5% MeOH in methylene chloride and 70% EtOAc in hexanes), to obtain pure 
epothiione A (1) (7.4 mg, 50%), its isomeric a-epoxkJe 51 (2.3 mg, 15%), end epothilones 
52 (or 53) (0.8 mg, 5%) and 53 (or 52) (0.8 mg, 5%) (stereochemistry unassigned for 52 
and 53. Procedure C: As described in procedure B for the epoxidation of trans-hydroxy 
lactone 37, cie-dihydroxy lactone 49 (10.0 mg, 0.02 mmol) in MeCN (200 mL) was treated 
with a 0.0004 M aqueous solution of dtsodium salt of ethyienediaminetetraacetic add 
(Na 2 EDTA, 1 20 mL). excess 1,1,1 -trifluoroacetone (1 00 mL). Oxonoft (61 mg, 0.1 0 mmol, 
5.0 equiv) and NaHCO* (14 mg, 0.16 mmol, 8.0 equiv), to yield, after purification by pre- 
parative thin layer chromatography (250 mm silica gel plate, ether), a mixture of dastereo- 
meric epoxides, epothilones A (1) (6.4 mg, 62%) and a-ieomerte epoxide 51 (1.3 mg, 13%). 
Procedure O: A solution of ds-dihydroxy lactone 49 (18 mg, 0.037 mmoO in CHO, (1.0 mL) 
was treated with meta-chioroperbenzoic acid (mCPBA. 57-86 %. 15 mg, 0.0494.074 mmol, 



WO 98/25929 



-92- 



PCT/EP97/07011 



1 -3-2.0 equiv), according to the procedur d scribed for the epoxidation of 37, furnishing 
compounds 1 (2.7 mg, 15%). 51 (1.8 mg, 10%), 52 (or 53) (1.8 mg, 10%), 53 (or 52) (1.4 
mg, 8%), 54 (or 55) (1.4 mg, 8%), 55 (or 54) (1.26 mg, 7%), 56 (0.9 mg, 5%), and 57 (0.9 
mg, 5%) (stereochemistry unassigned for 52-57), after two consecutive preparative thin 
layer chromatographic purifications (250 mm silica gel plate, 5% MeOH in methylene chlo- 
ride and 70% EtOAc in hexanes). Epothilone A (1 ). 

Synthesis of Compounds 54, 53, and 57 as Illustrated In Figure 8. Oxidation of Epothi- 
lone A (1 ) with mCPBA. A solution of epothilone A (1 ) (3.0 mg, 0.006 mmol) in CHCt, (1 20 
mU 0.05 M) was reacted with meta-chloroperbenzoic acid (mCPBA, 57-86%. 1 .1 mg, 
0.0023-0.0032 mmbl, 0.8-1.1 equiv; Aldrich), at -20 to 0 •C; according to the procedure de- 
scribed for the epoxidation of 37. resulting in the formation of bis(epoxides) 54 (or 55) (1 .1 
mg, 35%) and 55 (or 54) (1 .0 mg. 32%) along with sulfoxide 57 (0.2 mg, 6%). 

Synthesis of Epothllones 58-60 as Illustrated In Figure 9. Synthesis was the same as for 

1 with the following substitutions: (a) 0.9-1.3 equivalents of mCPBA, CHCI3. -20 ■» 0 # C, 12 
hours. 58 (or 59) (5%). 59 (or 68) (5%). 60 (60%); (b) 1 .0 equivalent of dimethyfdioxirane. 
methylene chloride/acetone. 0*C, 58 (or 69) (10%), 59 (or 88) (10%), 60 (40%); (c) excess 
of CF3COCH3, 8.0 equivalents of NaHCOs • 5 0 equivalents of Oxoneft. MeCN/Na 2 EDTA 
(2: 1 ), Q*C, 58 (or 59) (45%), 69 (or 88) (35%). 

Synthesis of Dlhydroxy Ester 61 as Illustrated In Figure 10. Synthesis was the same as 
for 49 snd 50 with the following substitutions: use 47 in lieu of 3 and 48. 

Synthesis of Dlhydroxy Lactones 62 and 63 as Illustrated In Figure 10. Olefin Meta- 
thesis of Oihydroxy Ester 61 . Same metathesis procedure as used in Figure 8 converting 4 
to 3 and 48, using instead 61 to form 62 and 63. 

Synthesis of Epothllones 64-66 as Illustrated In Figure 10. Compounds 64-69 were syn- 
thesized according to the procedure as described above for 1 (Figure 8) using 62 or 68 
instead of 1. 

Synthesis of Alcohol 86 as Illustrated In Figure 12. AJIylboration of Keto Aldehyde 84. 
Aldehyde 84 (16.0 g. 0.125 mol; Inuka, T.;* Yoahteawa, R. J. Org. Chem. 1967. 32. 404- 
407) was dissolved in ether (400 mg and cooled to -100 *C. To this solution was added 
(^)-diisopinocampheyiallyiborane (800 mU 0.15 M in pentane. 0.125 mol. 1.0 equiv) by 
cannulation during 46 min. (W-Diisopinocampheylallylborane in pentane is prepared by the 
adaptation of the standard methods reported by Brown) After the addition was complete, 
the mixture was stirred at the same tsmperature for 30 min. Methanol (20 mL) was added 
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at -100 0 C f and the reaction mixture was allowed to reach room temperature. To this solu- 
tion was added saturated aqueous NaHCO, solution (200 mL), followed by HjO, (80 mL of 
50% solution in H,0) f and the reaction mixture was allowed to stir at room temperature for 
12 h. The reaction mixture was extracted. 

Synthesis of Ketone 86 as Illustrated In Figure 12. Station of Alcohol 85. Compound 86 
was synthesized according to the procedure as described via supra for 17a using TBSOTf 
and 64 instead of 17a and TPSCI. 

Synthesis of Ksto Aldehyde 67 as Illustrated In Figure 12. Ozonorysis of Ketone 86. 
Alkene 86 (2.84 g ( 10 mmol) was dissolved in methylene chloride (25 mg and the.solution 
was cooled to -78 *C. Oxygen was bubbled through for 2 mm after which time ozone was 
passed through until the reaction mixture adopted a blue color (cs 30 min). The solution 
wss then purged with oxygen for 2 min at -78 *C (disappearance of blue color) and Ph»P 
(3.16 g, 12.0 mmol, 1.2 equiv) wss added. The cooling bath was removed and the reaction 
mixture was allowed to reach room temperature and stirred for an additional 1 h. The sol- 
vent wss removed, under reduced pressure end the mixture wss purified by flash column 
chromatography (silica gel, 25% ether in hexanes) to provide pure keto aldehyde 87 (2.57 
g, 90%). 

Synthesis of Ksto Add 76 ss illustrated in Figure 12. Oxidation of Keto Aldehyde 87. 
Aldehyde 87 (Z86 g, 10 mmol), tBuOH (50 mL), iaobutytene (20 mL, 2 M solution in THF, 
40 mmol, 4.0 equiv). HjO (10 mg, NsOOt (2.71 g, 30.0 mmol, 3.0 equiv) and NaH a PO« 
(1.80 g, 1 5.0 mmol, 1 .5 equiv) were combined and stirred at room temperature for 4 h. The 
reaction mixture wss concsntrsted under reduced pressure and the residue was subjected 
to flash column chromatography (silica gst, 50% ether in hexanes) to produce pure keto 
acid 76(2.81 g,W%).Rf • 0.12 (a«k» gel. 20% ether in hexanes). 

Synthesis of Aldehyde 66 ss Illustrated In Figure 1* Reduction of Ester 86. Ethyl ester 
88 (52.5 g, 0.306 mot AWrtch) wss dissolved in methylene chloride (1 g and cooled to -78 
°C. OIBAL (460.0 ml, 1 M solution in methylene chloride, 0.4696 mol, 1 .6 equiv) was ad- 
ded dropwtse vis s cannula while the temperature of the reaction mixture was maintained at 
•78 °C. After the addition wsa complete, the reaction mixture waa stirred at the same tem- 
perature until its completion was verified by TIC (cs 1 h). Methanol (1 00 mg was added at 
•78 *C and was followed by addition of EtOAc (1 L) and saturated aqueous NH«CI solution 
(300 mg. The quenched reaction mixture was allowed to warm up to room temperature 
and stirred for 12 h. The organic layer was separated, and the aqueous phase wasextrac- 
ted with EtOAc (3 x 200 mg. The combined orgsnic phsss was drlsd ovsr MgSO* filtered, 
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and concentrated under reduced pressure. Rash c tumn chromatography (silica gel, 10 to 
90% ether in hexanes) furnished the desired aldehyde 89 (33.6 g, 90%): Rf « 0.68 (silica 
gel, ether). 

Synthesis of Aldehyde 90 aa Illustrated in Figure 12. Aromatic aldehyde 89 (31.1 g, 
0.245 mol) was dissolved in benzene (500 mL) and 2-(triphenytphosphoranilidene)-propion- 
aldehyde (90.0 g, 0.282 mol, 1.15 equlv) was added. The reaction mixture was heated at 
reflux until the reaction was complete as judged by TLC (ca 2 h). Evaporation of the solvent 
under reduced pressure, followed by flash column chromatography (10 to 90% ether in 
hexanes) produced the desired aldehyde 90 (40.08 g, 98%). 

Synthesis of Alcohol 91 aa Illustrated In Figure 12. Altylboratton of Aldehyde 90. Aldehy- 
de 90(20.0 g, 0.120 mol) was dissolved in anhydrous ether(400 mL) and the solution was 
cooled to -100 *C. (t)-Oiisopinocampheylallyl borane (1.5 equiv in pentane, prepared from 
60.0 g of (-)-lpc2BOMe and 1 .0 equiv of ally! magnesium bromide according to the method 
described for the synthesis of alcohol 85), was added dropwise under vigorous stirring, and 
the reaction mixture was allowed to stir for 1 h at the same temperature. Methanol (40 mL) 
was added at -100 °C, and the reaction mixture was allowed to warm up to room tempera- 
ture. Amino ethanol (72.43 mL 1 .2 mol, 1 0.0 equiv) was added and stirring was continued 
for 15 h. The work-up procedure was completed by the addition of a saturated aqueous 
NH 4 CI solution (200 mL), extraction with EtOAc (4 x 100 mL) and drying of the combined 
organic layers with MgSO«. nitration, followed by evaporation of the solvents under reduced 
pressure and flash column chromatography (silica gel, 35% ether in hexanes for several 
fractions until all the boron complexes were removed; then 70% ether in hexanes) provided 
alcohol 91 (24.09 g, 96%): Rf - 0.37 (60% ether in hexanes). 

Synthesis of Compound 92 ae Illustrated In Figure 12. Silylation of Alcohol 91 . Alcohol 
91 (7.0 g, 0.033 it»0wm dissolved In DMF (35 m^ 

and imidazole (3.5 g. 0.080 mol, 1 .5 equlv) was added. After stirring for 5 min, tert-butyWi- 
methyisilyl chloride (6.02 g. 0.040 mol, 1.2 equlv) was added portiortwise and the reaction 
mixture was aJlowed to stir at 0 *C for 45 min, and then at 25 *C for 2.5 h f after which time 
no starting alcohol was detected by TLC. Methanol (2 mL) was added at 0 °C and the sol- 
vent was removed under reduced pressure. Ether (100 mL) was added, followed by satu- 
rated aqueous NM 4 0 solution (20 mL), the organic phase was separated and the aqueous 
phase was extracted with ether (2 x 20 mL). The combined organic solution was dried 
(MgSOJ, filtered over cellte and the solvents were removed under reduced pressure. Rash 
column chromatography (silica gel, 10 to 20% ether in hexanes) provided pure 92 (10.8 g, 
99%). 
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Synthesis f Aldehyde 82 ss Illustrated In Figure 12 Dihydroxylation of Olefin 92 and 1 2 
Glycol Cleavage. Olefin 92 (16.7 g. 51 .6 mmol) was dissolved in THFABuOH (1 : 1 500 mL) 
and H,0 (50 mL). 4-Metrrylmorpholine N-oxide (NMO) (7.3 g, 91.9 mmol. 1.2 equiv) was ad- 
ded at 0 «C. followed by OsO, (5.2 mL. solution in tBuOH 1 .0 mol%, 2.5% by weight) Th 
mixture waa vigorously stirred for 2.5 h at 0 X and then for 12 h at 25 »C. Attar completion 
of the reaction. Na^ (5.0 g) waa added at 0 'C. followed by H.O (100 mL). Stirring was 
continued for another 30 min and then ether (1 L) waa added, followed by saturated aque- 
ous NaCI solution (2 x 1 00 mL). The organic phase waa separated and the aqueous phas 
waa extracted with ether (2 x 1 00 mL). The combined organic extracts were dried (MgS04). 
filtered, and the solvents were removed under reduced pressure. Flash column chromato- 
graphy (silica gel. ether to EtOAc) provided 17.54 g (95%) of the expected 1 ,2-diol as a 1:1 
mixture of diastereoisomers. 

The diol obtained from 92 as described above (5.2 g. 14.5 mmol) was dissolved in EtOAc 
(150 mL) and cooled to 0 *C. Pb(0Ac)4 (8.1 g, 95% purity, 18.3 mmol. 1.2 equiv) wea then 
added portionwiae over 10 min. and the mixture was vigorously stirred for is min at 0»C. 
After completion of the reaction, the mbdure was filtered through silica gel and waahad with 
60% ether in hexanes. The solvents were then removed under reduced pressure providing 
pure aldehyde 82 (4.7 g, 98%). 

Synthesis of Alcohol 93 aa illustrated In Figure 12. Reduction of Aldehyde 82. A solution 
of aldehyde 82 (440 mg, 1.35mmo0 in MeOH (13 mL) waa treated with NaBH, (74 mg. 2.0 
mmol. 1.5 equiv) at 0'C for 15 min. The solution was diluted with ether (1 00 mL) and then 
saturated aqueous NH4CJ solution (5 mL) was csrefuily added. The organic phase was 
washed wrth brine (10 mg, dried (MgS04) and concentrated. Rash coiumn chromatogra- 
phy (»liea gel. 60% ether in hexanes) gave alcohol 93 (425 mg. 96%) as a colorless oil. 26: 
Rf- 0.52 (silica gel. 60% ether in hexanes). 

Synthesis of Iodide 94 as Illustrated In Figure 12. lodinatten of Alcohol 93. A solution of 
alcohol 93 (1 4.0 g. 42.7 mmol) in ether MeCN (3:1 , 250 mg was cooled to 0 *C. Imidazole 
(8.7 g, 128.1 mmol, 3.0 equiv). Ph,P (1 6.8 g, 64.1 mmol. 1 .5 equiv). and iodine (16.3 g. 
64.1 mmol, 1.5 equiv) were sequentially added and the mixture waa stirred for 0.5 h at 0 *C. 
A saturated aqueous solution of Na*StOi (50 mL) wss added, followed by the addition of 
ether (600 mL). The organic phase was washed with brine (50 mg, dried (MgSC4), and the 
solvents were removed under vacuum. Rash column chromatography (silica get. 15% ether 
in hexanes) gave pure iodide 94 (16.6 g, 89%) aa a colorless of. 
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Synthesis of Phosphonium Salt 79 m Illustrated In Rgura 12.. A mixture of iodide 94 
(1 6.5g, 37.7 mmol) and Ph,P (10.9 g, 41 .5 mmol. 1.1 equiv) was heated neat at 100 'C for 
2 h. Purification by flash column chromatography (silica gel, methylene chloride; then 7% 
MeOH in methylene chloride) provided phosphonium salt 79 (25.9 g, 98%) as a white solid: 
Rf = 0.50 (silica gel, 7% MeOH in methylene chloride). 

Synthesis of Hydrazone 95 aa Illustrated In Figure 13. Alkytation of Hydrazone 80. Hy- 
drazone 80 (20.0 g, 1 1 7.0 mmol, 1 .0 equiv), dissolved in THF (80 mL). was added to a 
freshly prepared solution of LDA [19.75 mL of diisopropytamine (141 .0 mmol, 1 .2 equiv was 
added to a solution of 88.1 mL of 1 .6 M solution of rvBuU in hexanes (141 mmol. 1 .2 equiv) 
in 160 mL of THF at 0 °C] at 0 *C. After stirring at this temperature for 8 h, the resulting 
yellow solution was cooled to -100 'C, and a solution of 4-iodc-l-benzyloxybutane (36.0 g, 
1 24.0 mmol, 1 .2 equiv) in THF (40 mL) was added dropwise over a period of 30 min. The 
mixture was allowed to warm to room temperature over 8 h, and was then poured into 
saturated aqueous NH 4 CI solution (40 mL) and extracted with ether (3 x 200 mL). The 
combined organic extracts were dried (MgSOJ, filtered and evaporated. Purification by 
flash column chromatography on silica gel (20% ether in hexanes) provided hydrazone 95 
as a yellow oil (35.8 g, 92%, de > 96% by 1H NMR). 

Synthesis of Aldehyde 96 ss Illustrated In Figure 13. Cleavage of Hydrazone 95. Pro- 
cedure A: A solution of hydrazone 95 (13.0 g, 39.1 mmol) in methylene chloride (50 mL) 
was treated with ozone at -78 'C until the solution turned blue-green. The solution was 
purged with oxygen for 2 min at -78 *C, allowed to warm to room temperature, and then 
concentrated. The crude mixture so obtained was purified by flash column chromatography 
(silica gel. 10% ether in hexanes) to give aldehyde 96 (6.6 g, 77%) as a colorless oil. 
Procedure B: A solution of hydrazone 95 (30 g, 90.3 mmol) in Mel (1 00 mL) was heated at 
60 C C. After 5 h, the reaction waa complete (TIC), and the mixture was concentrated. The 
resulting crude product was suspended in n-pemane (360 mL) and was treated with 3 N 
aqueous Ha (360 mL). The two-phase system was vigorously stirred for 1 h, and the aque- 
ous phase was extracted with n-pentane (3 x 200 mL). The combined organic solution was 
dried (MgS04), concentrated and purified by flash column chromatography (silica gel, 10% 
ether in hexanes) to give 96 (17.1 g, 66%): Rf » 0.49 (silica gel, 50% ether in hexanes). 

Synthesis of Alcohol 97 sa Illustrated In Figure 13. Reduction of Aldehyde 96. A solution 
of aldehyde 96 (1 7.0 g, 77.0 mmol) in MeOH (200 mQ was treated with NaBH 4 (8.6 g, 228 
mmol, 3.0 equiv) at 0 *C fori 5 min. The solution was then diluted with ether (400 my and 
saturated aqueous NH«Q solution (50 mL) waa carefully added. The organic phase was 
washed with brine (50 mL), dried (MgSOO, end concentrated. The crude product was purl- 
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Syntheale of Sltyl Ether 96 as Illustrated In Figure 13 SIMaiton ai^„ , « 

97 (17.0 g. 76.0 mmol) was disserved in mathyl^L^u^ ^ 

led tefl«r a «Hc»uM^ 8 , TOO I 350 mL )» the solution was coo- 

Z,1 S L^! ^ *" 5 ^ chloride (17.33.1 s 

mmoU.S equiv). wa. added portlonwiaa. and the reaction mixture waa allowed to I J 

^ «*' ■ Ether (200 my and saturated .taoT 

NH.C. solution (30 mL) were sequent*!* added, and tha 0 « J^Z^L 

9. 95%). eXanW) PTOvk3,d P«"» atrier 98 (24.4 

Synth*, of AJcohof 99 a. .migrated .n Figure 13. Hydrogenolysia of Benzyl Ether 98 

Pd(0H)j/C 0 ° «• ™ rMctton to proceed under an atmosphere of H, at a 

^etn*w«d^^byTLC,^m.rno^wa.fW^mrougnc^t.. Thedwr 
^^corK*«*r«tedu,^ 

punfled by ftesh column chromatography (silos gel. 40% ett*r in fmsnes) to grv. alcohol 
99 (14.7 g. 95%)ssscotorleseoil. ^ 

SyTrt*seieofAktehyde77eslllustrsted In F*ur» 13. Oxxtetkxirf Alcohol 99. Toa 
solution of oxalyl chlorlda (6.6 mL, 65.0 mmo*. 2.0 equiv) in methylene chloride ^250 mL) 
was added drop*** DM80 (9.2 ml, 1 30 mmol. 4.0 equiv) at -78 «C. After stirring tor 1 5 
mm. • teuton of alcohol 99 (8.0 g. 32.0 mm*. 1.0 equiv) in methylene chloride (50 mL) 
waa added dropwtee st -78 *C over a 1 5 rnin period. The solution was stirred tor further 30 
min st -78 -ft and EfaN (27.1 mU 1 94 mrnol. 6.0 equiv) was added at ins asms tempers- 
turs. The resctfen mixture waj allowed to warn! too 'Cover 30 rmn and t^ 
mL) was added, followed by saturated aqueous NH 4 Ct solution (100 ml). The organic 
phase waa separated, and the aqueous phase was extracted with ether (2 x 300 mL). The 
combined organic solution was dried (MgSO). filtered and concentrated under reduced 
pressure. Purtflcstton by flssh column chromatography (silica gal, 20% ether in hexsnee) 
provided aldehyde 77 (7.9 g, 98%) as s coiorisss ofl. 
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2? « L?«„ T W (3 °° - ^ "~ < 1 0 M solution in 

and then * was d,.uted with sther (500 mL) and quenched by careful, addition of saturated 

ZT (,0 ° mL) - ^ or9anic phaM ~ "** doCT 

ned (MgSO.). and concentrated. The crude product ao obtained was purified by flash !co- 

l7o^To? graphy (9i,ica 8e1, 30,4 ^ in hexanw) 10 8iv0 ateoho1 100 ^ * W *> as 

Synth. rt .ofK«o M 78 M .nu«™ted.„F. flU r.i3. Oxidation of Alcohol 100. Toasolu- 
fon of alcohol 100 (7.0 g. 27.0 mmol) in methylene chloride (250 mL) wee added molecular 
s-evea (4 A, 6.0 g). 4.methyin»rphollne.N^dde (NMO) (4.73 g. 40.0 mmol. 1.5 equiv) and 
tetrapropylammonium perruthenate (TPAP) (189 mg. 0.54 mmol. 0.02 equiv) at room tern- 
perature. After stirring far 45 min (depletion of starting material. TLC), the r^on mixture 
was filtered through celite, and the solvent was removed under reduced preaaur. The cru- 
de product was purified by flash column chromatography (silica g*. 20% ether in hexanes) 
to give ketone 78 (8.6 g. 98%) a* a coterteaa oil. 

Synthesis of Iodide 113 ae Illustrated In Figure 15. lodinationof AJcohol 99. A solution 
of alcohol 99 (3.8 g. 15.0 mmol) in etherMeCN 3:1 (150 mg was cooled to 0 •& Imidazole 
(3.1 g, 45.0 mmol. 3.0 equiv). Phrf» (5.9 g. 22.5 mmol. 1.5 equiv) and iodine (5.7 g, 22.5 
mmol, 1 .5 equiv) were sequentially added and the reaction mixture was stirred at 0 «C lor 
0.5 h. A saturated aqueous solution of Naj^Oj (200 mL) was added followed with ether 
(200 mL). The organic phase was washed with brine (200 mL). dried (MgS04). and the sol- 
vents were removed under vacuum. The crude product was purified by flash column chro- 
matography (silica gei. 10% ether In hexanes) to give pure iodide 1 13 (4.9 g. 91%) as s co- 
lorless oil. 

Synthesis of Phoaptonlum Salt 114 sa Illustrated In Figure 15. A mixture of iodide 113 
(4 7 g. 13.1 mmol) and Ph3P (3.8 g, 14.4 mmol. 1.1 equiv) waa heated neat at 100 *C for 2 
h. Purification by flash column chromatography (silica gal. Methylene chloride to 7% MeOH 
in methylene chloride) provided phosphonium salt 1 14 (7.4 g, 91%) as a white soli* Rf » 
0.42 (silica gel, 5% MeOH in Methylene chloride). 

Syntheela of Olefin 101 aa Illustrated in Figure 15. Method A From Phosphonium Salt 
79 and Aldehyde 77. Phosphonium salt 79 (13.60 g. 19.4 mmol. 1 .2 equiv) was dissolved 
in THF (80 mL, 0.2 M) and the solution was cooled to 0 *C. Sodium hexamethytdlsilylamide 
(NaHMOS, 1 9.4 mu 1 9.4 mmol. 1 .0 M solution in THF, 1 .2 equiv) was slowly added and the 
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TT^ZT WUStm,d,0r1S min «*» 77 (3.96 g, 16.2 mm*. 1 .0 equlv in 

o mL of THF) was added at the same temperature. Stirring vraa continued tor anotZTs 
min at 0 -C and men. me reaction mixture was quenched vl saturatXeou^H C L 

washed wrth bnn. (2 x 40 mL). dried (MgSO«) and concentrated under vacuo. The crude 
T, TTZTZ* ^ C0 ' Urnn Chr0mato9raphy 9-. ^ ether in hexane) to 
2LTp ' I 9 ' 77 * )MamW "'°' Z -< »*»"« (ca 9 : 1 by 1H NMR). 
MettodB. From Phoaphonium Sail 1 14 and AWehyde 82. Rioephonium,alt1l4(740g 

n " T* 12 • q * ) ' n ™ F (12 ° mL - 01 and the solution was cooled 

too C. Sodium hexamethyidiaiiyiamide (NaHMDS, 11.98 mL. 11.96 mmol. 1.0 M solution 
in THF, 1 .2 equiv) was slowly added at the same temperature and the resulting mixture was 
stirred for 15 min. before aldehyde 82 (3.20 g. 9.83 mmol. i.o equiv. in 20 mL of THF- vid. 
supra) waa slowly added. Slirring wtucc/rtirnied torarx^ ^min^O'Candth^'th. 
mixture waa quenched with saturated aqueous NH.CI solution (150 mL). Ether (200 mg 
was added and the organic phase was separated and washed with brine (2 x 150 mg 
dried (MgSO<) and concentrated under reduce pressure to afford the crud. product Rash 
column chromatography (sifca gel. 10% ether in hexane) furnished olefin 101 (3.65 g 69% 
yield) as a mixture of 2- and E-isomers (ca 9:1 by 1H NMH). 

Synthesis of alcohol 102 a* llluatrated In Figure 14. Compound 101 (1.77 g. 3.29 mmol) 
waa dissolved in methylene chloride : MeOH (1:1 , 66 mL) and the solution waa cooied to 0 
"C and CSA (764 mg. 3.29 mmol. 1.0 equiv) was added over a 5 min period. The mixture 
waa stirred for 30 min at 0 'C, and then for 1 h at 25 «C. EfaN (2.0 mL) waa added, and th 
solvents were removed under reduced prsssure. Flaah column chromatography (sWea gal. 
50% ether in hexanea) furnished the desired stand 35(1 .2 g, 86%). 

Syntheeia of Aldehyde 74 aa Illustrated In Figure 14 Oxidation of Alcohd 102. Alcohol 
102 (1.9 g, 4.3 mrnoi) waa dissolved in methylene chloride (45 mL. 0. 1 M). DMSO (13.5 . 
my, B*N (3.0 mL, 22.4 mmol. 3.0 equiv) and SCypyr (1 .43 g. 8.9S mmol. 2.0 equiv) were 
added at 25 "C and the resulting mixture was stirred for 30 min. Saturated aqueous NH«Q 
solution (100 mL) and ether (200 mg were added sequentially. The organic phase was 
washed with brine (2 x so mL). dried (MgSOJ and the solvents were removed under redu- 
ced pressure. Flaah column chromatography (silica gal. 30% ether in hexanes) furnished 
aldehyde 74 (1.79 g, 94%). 

Synthesia of compounde 108 and 106 as Illustrated In Figure 14: AJdot Reaction of 
Keto Add 76 with Aldehyde 74. A solution of keto add 76(1. 52 g. 5.10 mmol, 1.2 equiv; 
synthesized vida supra) in THF (10 mg waa added dropwtsc to a freshly prepared solution 
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of IDA [diisopropyiamine (1 .78 mL, 12.78 mmol) was added to n-BuLi ( 7.95 mL, 1.6 M 
solution in hexanes, 12.78 mmol) in 20 mL of THF at 0 *q at -78 After stirring for 15 
min, the solution was allowed to warm to -40 and after 0.5 h at that temperature it was 
recooled to -78 A solution of aldehyde 74 (1 .79 g, 4.24 mmol. 1 .0 equiv) was added 
dropwise arid the resulting mixture was stirred for 15 min, and then quenched at -78 'C by 
slow addition of saturated aqueous NH£I solution (20 mL). The reaction mixture was 
warmed to 0 *C, and AcOH (2.03 mL 26.84 mmol. jB.3 equiv) was added, followed by 
addition of EtOAc (50 mL). The organic layer was separated and the aqueous phase was 
extracted with EtOAc (3 x 25 mL). The combined organic solution was dried over MgSO« 
and concentrated under vacuum to afford a mixture of aldol products 1 Q3a:l 03b in a ca 1 : 1 
ratio (1 H NMR) and unreacted keto add 78. The mixture was dissolved in methylene chio- 
ride ( 50 mL) and treated, at 0 with 2,6-lutidine (3.2 mL, 27.36 mmol) and tert-butyldi- 
methylsilyl trifluoromethaneeulfonate (4.2 mL, 18.24 mmol). After stirring for 2 h (complete 
reaction by TLC). aqueous HQ (20 mL. 10% solution) was added and the resulting btphasic 
mixture was separated. The aqueous phase was extracted with methylene chloride (3x20 
mL) and the combined organic solution was washed with brine (50 mL). dried (MgSO*) and 
concentrated under reduced pressure to give a mixture of the tetra-tert-butyfdimethytstlyl 
ethers 104a and 104b. The crude product was dissolved in MeOH (50 mL) and KjCQj 
(1 40 g, 1 0.20 mmol) was added at 25 *C. The reaction mixture was vigorously stirred for 
1 5 min, and then filtered. The residue was washed with MeOH (20 my and the solution 
was acidified with ion exchange resin (OOWEX 50WX8-200) to pH 4-5, and filtered again. 
The solvent was removed under reduced pressure and the resulting residue was dissolved 
in EtOAc (50 mL) and washed with saturated aqueous NH 4 CI solution (50 mL). The aque- 
ous phase was extracted with EtOAc (4 x 25 mL) and the combined organic solution was 
dried (MgSOJ, filtered and con ce ntra te d to furnish a mixture of carfcoxytic adds 105, 106 • 
and 76. Purification by preparative thin layer chromatography (sttca gel. 5% MeOH in 
methylene chloride), gave pure adds 109 (1.1 g, 31% from 7) and 106 (1.0 g, 30% from 7) 
as colorless oils. 

Synthesis of Hydroxy Add 72 aa Illustrated In Figure 14. Selective Desityiation of tris- 
(Silyi) Ether 105. A solution of tris(silyf) ether 105 (300 mg, 0.36 mmol) in THF (7.0 mL) at 
25 °C was treated with TBAF (22 mL, 1 M solution in THF. 2.2 mmol, 6.0 equiv). After stir- 
ring for 8 h. the reaction mixture was diluted with EtOAc (10 mL) and washed with aqueous 
HCI (10 mL 1 N solution). The aqueous solution was extracted with EtOAc (4 x 10 mL) and 
the combined organic phase was washed with brine (10 mL), dried (MgSOJ and concentra- 
ted. The crude mixture was purified by flash column chromatography (silica gel, 5% MeOH 
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in m thylen chloride) to provide hydroxy add 72 (203 mg, 78%) as a yellow oil: Rf * 0.40 
(silica g 1, 5% M OH in methylene chloride). 

Synthesis of Hydroxy Acid 107 as Illustrated In Figure 14. Selective Desilyiation of tris- 
(Silyl) Ether 1 06. Carboxylic acid 1 06 (1 50 mg, 0.1 8 mmol) was converted to hydroxy acid 
1 07 (1 07 mg, 82%) according to the procedure described above for 72. . 

Synthesis of Lactone 106 as Illustrated In Figure 14. Macrolactonization of Hydroxy Acid 
72. A solution of hydroxy acid 72 (200 mg t 0.28 mmol) in THF (4 mL) was treated at 0 9 C 
with EfeN (0.23 mL, 1.68 mmol, 6.0 equlv) and 2,4,6-trichlorobenzoyl chloride (0.22 mL, 
1 .40 mmol, 5.0 equlv). The reaction mixture was stirred at 0 9 C for 1 5 min, and then added 
to a solution of 4-DMAP (342 mg, 2.80 mmol, 10.0 equlv) in toluene (140 mL) at 25 °C and 
stirred at that temperature for 0.5 h. The reaction mixture was concentrated under reduced 
pressure to a small volume and filtered through silica gel. The residue was washed with 
40% ether in hexanes, and the resulting solution was concentrated. Purification by flash 
column chromatography (silica gel, 2% MeOH in methylene chloride) furnished lactone 108 
(1 78 mg, 90%) as a colorless oil. 

Synthesis of Lactone 109 as illustrated In Figure 14. Macrolactonization of Hydroxy Acid 
107. The cyclization of hydroxy add 107 (100 mg, 0.14 mmol) was carried out exactly as 
described for 108 above and yielded lactone 109 (84 mg, 85%) as a colorless ofl. 

Synthesis of Whydroxy Lactone 70 and 110 as Illustrated In Figure 14. To lactone 108 
(50 mg, 0.071 mmol), cooled to -20 # C, was added a freshly prepared 20% (v/v) CF,COOH 
solution in methylene chloride (400 mL). The reaction mixture was allowed to reach 0 °C 
and was stirred for 1 h at that temperature. The solvents were evaporated under reduced 
pressure and the crude product was purified by preparative thin layer chromatography (si- 
lica gel. 6% MeOH in methylene chloride) to afford pure dihydroxy lactone 70 (31 mg, 92%); 
110 is prepared in a likewise manner as shown in Figure 14. 

Synthesis of 6S,7R-Epothllones 111 and 112 as illustrated In Figure 14. Synthesized 
according to the procedure as described via supra for 1 using 70 or 110 instead of 1. 

Synthesis of Oleftnlc Compound 1 15 as Illustrated In Figure 16. Phosphonium salt 79 
(9.0 g, 12.93 mmol, 1.5 equiv; vida supra) was dissolved in THF (90 mL) and the solution 
was cooled to 0 °C. Sodium bis(trimethylsi)yl)amlde (NaHMDS, 1.0 M solution in THF, 12.84 
mL, 12.84 mmol, 1 .46 equiv) was slowly added and the resulting mixture was stirred at 0 *C 
for 1 5 min. The reaction mixture was then cooled to -20 *C before ketone 78 (2.23 g, 8.62 
mmol, 1 .0 equiv) in THF (10 mL) was added and the reaction mixture was stirred at the 
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same temperature for 12 h. Saturated aqueous NhUCI solution (50 mL) was added and the 
mocture was extracted with ether (200 mL). Th organic phase was washed with brine (2 x 
1 00 mL). dried (MgSO,) and concentrated to afford, after flash column chromatography (si- 
l.ca gel. 2% ether in hexanes), olefins 115 (3.8g. 73%, 2E ca. 1:1 by 1H NMR). 

Synthesis of Hydroxy Olefins 116 as Illustrated In Figure 16. Desilyfation of Silylether 
115. Silylether 115 (3.80 g, 6.88 mmoD was dissolved in methylene chloride : MeOH (1:1 

70 mL) and the solution was cooled to 0 'C prior to addition of CSA (1 .68 g, 7.23 mmol, 

1 .05 equiv) during a 5 min period. The resulting mixture was stirred for 30 min at 0 'C and 
then for 1 h at 25 »C. EtjN (1.57 mL 7.23 mmol. 1.05 equiv) was added, and the solvents 
were removed under reduced pressure. Flash column chromatography (silica gel, 50% 
ther in hexanes) furnished pure hydroxy compound 1 16 (2.9 g, 97%). 

Synthesis of Epotfiilone B (2) and analogs ss Illustrated In Figure 16. Synthesized ec- 
cording to the procedure as described above as shown in Figure 14 for m and 112 using 

71 or 123 instead of 110. 8 

Synthesis of Aldehyde 75 as Illustrated In Figure 17. Synthesized in a similar manner 
according to the procedure as described for 101 via supra as shown in Figure 15 using a 
different order of substrate addition; see conditions in description of Figures. 

Synthesis of Lactone 121, 71, 2, 124 and 135 as Illustrated In Figure 18. Synthesized 
according to the procedure as described above as shown in figure 16 using 75 instead of 
75'; see conditions in description of Figures. 

Synthesis of Carisoxyiic Acfd 1 10 as illustrated In figure 18. Synthesized according to 
th procedure as described above as shown in figure 16 using 136 instead of 75'; see 
conditions in description of Figures. 

Synthesis of of aldehyde 148 as illustrated in Figure 21 Synthesized according to the 
procedure as described above ss shown in Figure 13 for 77; see conditions in description of 
Figures. 

Syntheels of phoephonlum resin 147 as Illustrated In Figure 21. Step 1) Alleviation of 
MerrtfieW Resin: A solution of 1.4-butanediol ( 7.18 g. 80.0 mmol. 5.0 equiv.) in DMF (600 
mL) was cooled to 0 °C and sodium hydride (60 %, 3.20 g, 80.0 mmol. 5.0 equiv.) was 
added. The reaction mixture was stirred at O °C for 2 h and Merrifield resin (40.0 g. 16.0 
mmol. 1.0 equiv.) followed by n-Bu4NI (0.58 g, 1.60 mmol. 0.1 equiv.) were added. The 
reaction mixture was stirred at 23 °C for 20 h, then poured Into a frit, and the polymer was 
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washed with MeOH (2 x 500 mL). DMF (500 m 0 . H20 at 80 oC (500 my. OMF (500 ml) 
MeOH ,500 mU.CH.CI, ,500 mL). EW > (2 x 300 mL,. T»Jn~££TC 
vacuum to a constant weight of 40.8 g. 

Step 2) Conversion of alcohol resin. A suspension of resin from above step 1 (40 8 o 16 0 
mmol. 1 .0 equiv:) in CH 2 CI 2 (700 mL) at 23 «C was treated with Ph,P (20.9 g 80 0 mmol 
5.0 equiv.). imidazole (6.46 g. 80.0 mmol, 5.0 equhr.) and iodine (16.0 g. 64.0 mmol 4 0 ' 
equiv.). The reaction mixture waa stirred at 23 «C for 3 h. then poured into a frit and the po- 
lymer was washed with CH^ (500 mL), MeOH (500 mL), CH^ (500 mL). MeOH (500 
mL). CH,a, (500 mL). (2x300 mL). The re*n w» dried under high vacuum to a 
constant weight of 42.6 g. 

Step 3) Reaction of iodo resin formed in step 2 with Ph 3 P. a suspension of iodo resin 
(42.8 g. 16.0 mmol. 1.0 equiv.) in OMF (200 mL) at 23 *C was treated with Ph,P (41 9 g 
160 mmol. 10 equiv.). The reaction mixture was stirred at 90 °C for 12 h. than poured into a 
frit and the polymer was washed with DMF at 80 "C (3 x 500 mL), CH,Cl a (500 mL) DMF 
(500 mL), EfcO (3 x 500 mL). The resin was dried under high vacuum to a constant weight 
of 48.61 g. 

Syntheeia of Yllde resin 148 a* Illustrated In Figure 21 Deprotonation of Phoaphonim re- 
s.n 147: A suspension of resin 147 (15.0 g. 5.11 mmol. 1.0 equiv.) in a mixture of DMSO (50 
mL) THF (35 my at 23 «C was treated with a 1 M solution of NaHMOS in THF (15.3 mL. 
15.3 mmol. 3.0 equiv ). The reaction mixture was stirred at 23 *C tor 12 h, then canulated 
into a Schlenk frit and the polymer was washed under argon with THF (3 x 100 mL). 

Synthesis of resin 150 as illustrated In Figure 21 Wlttig reaction of ylide resin 148 with al- 
dehyde 149 (vida supra). A solution of aldehyde 149 (2.50 g, 10.22 mmol. 2.0 equiv.) In 
THF (25 mL) was cooled at -78 °C and added to the freshly prepared resin 148 (5.11 mmol. 
1 .0 equiv.) via canuia. The resulting suspension waa shaken at 23 °C tor 3h, and the super- 
natant was filtered off. The polymer was washed with THF (100 ml). MeOH (100 my, 
CHaCI, (100 my, MeOH (100 my. CHiCfe (100 my, EttO (2x 100 my. The resin was dried 
und r high vacuum to a constant weight of 14.12 g. 

Synthesis of resin 148 u Illustrated In Figure 21 Step 1) Desilytation of resin 150 with 
HF Pyridine complex. Resin 150 (14.0 g. S.05 mrnoj. 1.0 equiv.) was suspended in THF 
(135 mL) and treated at 0 °C with HPPyridine complex (15 my. The mixture was allowed to 
warm to 23 °C and shaken tor 12 h. The suspension waa poured into a frit and the polymer 
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was fiK red. washed with THF (100 mg, CH,0, (100 mL). MeOH (100 mL). CH,a, (100 
mL). EfeO (2 x 100 mg and dried under high vacuum to give 13.42 g of deprotected resin. 
Step 2) Swem oxidation of deprotected resin. To an OxaJyl Chloride (2.56 g, 1 .76 mL, 20 0 
mmol. 4.0 equiv.) solution in CH,CI, ( 50 mL) at -78 »C was added droowise DMSO ( 3.12 g 
2.84 mL, 40.0 mmol, 8.0 equiv.). The solution was stirred at -78 »C for 1 h and canulated in-' 
to a suspension of resin (13.26 g. 5.0 mmol, 1.0 equiv.) in CH,Q, . previously cooled to 
-78 "C. The resulting mixture was stirred for an additional hour and treated with EfeN ( 6.25 
g. 8.0 mL. 62.5 mmol, 12.5 equiv.), allowed to warm to 23 'C and stirred for 1 h. The mixture 
was filtered and the polymer washed successively with (250 mL). MeOH (250 mL). 
CHjCI, (250 mL). Bfi (2 x 300 mg. and dried under high vacuum to afford 13.25 g of resin 
145. 

Syntheale of resin 151 aa Illustrated In Figure 21 Step 1) Enolate formation. To a pre- 
coded solution of LDA (6.60 mmol. 4.4 equiv.) obtained by treating dlisopropyl amine (0.92 
ml, 6.60 mmol, 4.4 equiv.) in THF (25 mg at 0 'C with n-butyllithium (1 .6 M solution in THF. 
4.12 mL. 6.60 mmol. 4.4 equiv.) was added a solution of ketoadd 144 (vida supra) (0.93 g. 
3.0 mmol. 2.0 equiv.) in THF (25 mL) at -78 °C via Canute. The solution was allowed to 
warm to -40 °C and stirred for 1h. 

Step 2) Aldoi reaction. A suspension of resin 1 45(4.0 g, 1 .50 mmoi, 1 .0 equiv.). ZnO, (1 .0 
M solution in EW), 3.0 mL, 3.0 mmol. 2.0 equiv:) in THF (25 mg. was treated at -78 °C with 
the enolate solution described above. The suspension was allowed to warm to -40 "C, stir- 
red for 2 h. quenched with saturated NH4CI aq. (8 mL) and neutralised at 23 °C with AcOH 
(0.76 mL. 1 3.2 mmol. 8.8 equiv). The mixture was poured into a frit the polymer was wa- 
shed with THF (100 mg, EfeO (100 mg. CH.O, (100 mg. H,0 (100 mL). MeOH (100 mg. 
CHjCI, (100 mL). 1% TFA v/v in CHfik ( 3x75 mg. 01,0, (2x100 mg, EfeO (2x100 mg 
and dried under vacuum to afford 1.96 of resin 151. 

Synthesis of resin 1S2 as Illustrated In Figure 21. Esterification of resin 151 with alcohol 
143. A mixture of resin 151 ( 1.40 g. 0.46 mmol. 1.0 equiv.). alcohol 143 (vide supra) ( 0.49 
g. 2.31 mmol. 5.0 equiv.). 4-OMAP (0.32 g. 2.31 mmol. 5.0 equiv.) and OCC (0.48 g. 2.31 
mmol, 5.0 equiv.) in CH,a, (10 mg waa shaken al 23 °C for 15 h. The poiymer was filtered, 
washed with CH^J, (2x50 mg. MeOH (2x50 mg. CH,0, (2x50 mg. EW> (2x50 mL) and 
dried under vacuum to afford 1,48 g of resin 152. 

Synthesis of 154 as Illustrated In Figure 21. Metathesis of resin 152. A suspension of 
resin 152 (500 mg) in CH,CI, (40 mL) was treated with bis(tricyclohexylphosphine)benzyll- 
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dine ruthenium dichiorid (RuCI2(*CHPh)(PCy3)2) (20 mg) and stirred at 23 °C for 48 h. 
The polymer was filtered and the filtrate was evaporated and purified by preparative thin 
layer chromatography (silicagel, 20 % ethyl acetate in hexanes) to give compounds 154, 
1 55, 1 56, 1 57 = ca: 3:3:1 :3. 52 % yield from the calculated loading of heterocycle in resin 
152. 

Synthesis of 157 and 158 as illustrated In Figure 21. trans-Dihydroxy Lactone 157 and 
158. DesilylationofCompound14land155. Silyl ether 141 or 155 (44 mg, 0.074 mmol) 
was treated with a freshly prepared solution of 20% (v/v) trffiuoroacetic acid (TFAKHzCfe 
(7.4 mL, 0.01 M) to yield, after flash column chromatography (silica gel, 50% EtOAc in 
hexanes), trans-dihydroxy ester 1 57 or 1 58 (33 mg, 93%) 

Synthesis of Eposterones 159 and 1 aa Illustrated In Figure 21. Epoxidation of ds-Hy- 
droxy Lactone 1 57 and 1 58. To a solution of cis-hydroxy lactone 1 57 and 1 58 (1 9 mg, 
0.039 mmol) in acetonitrite (390 mL, 0.1 M) is added a 0.0004 M aqueous solution of dlao- 
dium salt of ethyfenediaminetetraacetic acid (NajEDTA, 200 mL, 0.2 M) and the reaction 
mixture is cooled to 0 oC. Excess of 1,1.1 -trifluoroacetone (80 mL, 0.5 M) is added, follo- 
wed by a portionwise addition of Oxoneft (120 mg, 0.20 mmol, 5.0 equiv) and NaHCOs (26 
mg, 0.31 mmol, 8.0 equiv) with stirring, until the disappearance of starting material is detec- 
ted by TIC. The reaction mixture is then directly passed through silica gel and efuted with 
50% EtOAc in hexanes. Purification by preparative thin layer chromatography (250 mm 
silica gel plate, 70% EtOAc in hexanes) provides the diastereomeric eposterones 159 or 1 
(epothiloneA). 

Synthesis of alcohol 183. Alrylboration of Aldehyde 182 as illuststrated In Figure 25. 

Aldehyde 182 (1 .0 equiv) was dissolved in anhydrous ether (0.3 M) and the solution was 
cooled to -1 00 "C. (+)-DBsopinocarnpheytalry1 borane (1 .2 equiv in pentane, prepared from 
(-)-lpc2BOMe and 1 .0 equiv of alhH magnesium bromide) was added dropwtse under vigo- 
rous stirring, and the reaction mixture was allowed to stir for 1 h at the same temperature. 
Methanol was added at -1 00 oc, and the reaction mixture was allowed to warm up to room 
temperature. Amino ethanol (10.0 equiv) was added and stirring was continued for 15 h. 
The work-up procedure was completed by the addition of saturated aqueous NH4CI solu- 
tion, extraction with EtOAc and drying of the combined organic layers with MgS04. Filtra- 
tion, followed by evaporation of the solvents under redyced pressure and flash column 
chromatography (silica gel, 35% ether in hexanes for several fractions until all the boron 
complexes w re r moved; then 70% ether in hexanes) provided alcohol 183 (91%). 
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Synthesis of hydroxy Estsrs 164 and 165. EDC Coupling f Carboxylle Acids 45 and 
46 and AJ hoi 163 as lllustratsd in Rgurs 25. Synthesized according to the procedure as 
described above as shown in Figure 7 using 163 instead of 6; see conditions in the descrip- 
tion of Figures. 

Synthesis of 161, 170, 171 and 172. Synthesized according to the procedure as described 
above as shown in Figure 6 using 164 instead of 35 or 36; see conditions in the description 
of Figures. 

Synthesis of Epoxalones 177, 178, 179 and 180 as illustrated In Figure 27. 
Synthesized according to the procedure as described above as shown in Figure 6 using 
1 65 instead of 35 or 36; see conditions in the description of Figures. 

Synthesis of e/»BIs(TBS) Ether 183 ss Illustrated In Figure 29 A solution of alcohol 181 
(146 mg, 0.32 mmol) and 2,6-lutidine (560 /rt, 4.8 mmol; 15 equiv) in CH2CI2 (3.2 mL, 0.1 
M), at 0 •C. is treated with fe/fbutyidimethyisilyl trffluoromethanesulfbnat* (TBSOTf, 735 
mL, 3.2 mmol, 1 0 equiv) and stirred at this temperature for 30 minutes, whereupon no star- 
ting material is detected by TLC. The reaction mixture is quenched by pouring it into satura- 
ted aqueous NH4CI (10 mL). Extractions with ether (2x10 mL). drying (MgS04) and con- 
centration is followed by flash chromatographic purification (silica gel, 7% EtOAc in hexa- 
nes) to provide bis(TBS)ether 183 (182 mg, 99%). 

Synthesis of trans-Bls(TBS) Ether 184 as Illustrated in Figure 29. Silyfation of Alcohol 
1 82. In accordance with the procedure describing the silyiation of alcohol 1 81 , a solution of 
alcohol 182 (77 mg, 0.17 mmol) and 2,6-lutidine (300 ml, 2.6 mmol, 15 equiv) in CHjda (1 .7 
mL, 0.1 M) t at 0 *C, is treated with tert-butyfdimethyisiiyl trifluoromethanesulfonate (TBSOTf, 
390 mL, 1.7 mmol. 10 equiv) to provide bis(TBS)ether 183 (92 mg, 97%). 

Synthesis of dt>AJoohol 188 as illustrated In Figure 29. A solution of TBS ether 183 
(182 mg, 0.31 mmol) m MeOH (3.1 mL, 0.1 M) is treated with 10-camphorsutfonic acid 
(CSA, 72 mg, 0.31 mmol, 1 .0 equiv) at room temperature for 1 2 h, until TLC indicates the 
disappearance of stalling material. The mixture is then poured into into saturated aqueous 
NaHCO) (10 mL), extracted with ether (3 x 10 mL) and dried (MgSO*). Rash column chro- 
matography (silica gel, 20% EtOAc in hexanes) yields pure 185 (98 mg, 67%). 

Synthesis of trans-Alcohol 186 as lllustratsd In Figure 29. In accordance with the pro- 
cedure describing the deaityiation of TPS ether 183, s solution of TPS ether 184 (31 mg, 
0.05 mmol) in methanol (1.6 mL, 0.1 M) was treated with 10-camphorsutfonic add (CSA, 37 
mg, 0.16 mmol, 1 .0 equiv) to yield diol 186 (51 mg, 69%) as a crystalline solid. 
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Synthesis of Carboxylie acid 187 aa illustrated In Rgurt 29 Ethyl bromopyruvata (1.66 
mL, 13.2 mmol, 1 equiv) and thioacatamide (1.05 g, 13.9 mmol, 1.05 qurv) are dissolved in 
95% aqueous ethanol (14 mL, 1 M) and heated at reflux for 5 minutes. Completion of the 
reaction is indicated by TLC. The reaction mixture is then cooled to room temperature, con- 
centrated in vacuo, suspended in CHCI3 (20 mL) and washed with saturated aqueous ' 
NaHCO, (2 x 20 mL) and with H,0 (20 mL). Drying (MgS0 4 ) and concentration is followed 
by flash chromatographic purification (silica gel. EtOAc) to yield the corresponding ethyl 
ester of acid 7 (2.26 g, 100%). This ester is dissolved in THF-HjO (1:1; 14 mL, 1 M) and 
submitted to the action of lithium hydroxide (1 .66 g, 39.6 mmol, 3.0 equiv). After stirring at 
room temperature for 45 mln TLC indicates the disappearance of starting material. The mix- 
ture is poured into H,0 (20 mL) and extracted with ether (2 x 20 mL). Acidification to pH - 2 
to 3 with aqueous 4 N HQ la followed by extractions with EtOAc (6 x 20 mL). Drying 
(MgS0 4 ) and concentration gives pure carboxylie acid 1 87 (1 .36 g, 72%). 

Synthesis of cis*eto Estsr 188 as Illustrated In Figure 29. EDC Coupling of Alcohol 
1 85 with Thiazole Acid 1 87. A suspension of thiazofe acid 1 87 (54 mg, 0,38 mmol, 2.0 
equiv), 4-(dimethyiamino)pyridine (4-DMAP, 2.3 mg, 0.019 mmol. 0.1 equiv) and alcohol 
1 85 (88 mg, 0.1 9 mmol. 1 .0 equiv) in CHaCfe (3.8 mL, 0.05 M) Is cooled to 0 °C and then 
treated with l-ethy|.(3-dimethylami^^ hydrochloride (EDC. 109 mg, 

0.57 mmol, 3.0 equiv). The reaction mixture is stirred at 0 *C for 2 h and then at 25 *C for 
1 2 h, until TLC indicates completion of the reaction. The solution is separated between 
EtOAc ( 1 0 mL) and water (1 0 mL). The aqueous layer is extracted with EtOAc (2x10 mL) 
and dried (MgS0 4 ). Evaporation of the solvents is followed by flash column chromatography 
(silica gel, 30% EtOAc in hexanes) results in pure keto ester 1 68 (1 02 mg, 92%). 

Synthesis of trans-Keto Estsr 189 as Illustrated In Figure 29. By analogy to the procedu- 
re described above for the synthesis of keto ester 188, a solution of thiazole acid 187 
(28 mg, 0.198 mmol, 2.0 equiv), 4^imethytaminopyridine (4-DMAP, 1.2 mg, 0.0099 mmol, 
0. 1 equiv), and alcohol 188 (48 mg, 0.099 mmol. 1 .0 equiv) in CHjO, (2.0 mL) is treated 
with 1 -ethyH3^imethyiantfr» hydrochloride (EDC, 57 mg, 0.297 

mmol, 3.0 equiv) to provide, after flash column chromatography (silica gel, 20% EtOAc in 
hexanes), keto ester 189 (49 mg, 84%). 

Synthesis of cle-Hydroxy Lactone 190 as Illustrated In Figure 29. Silyl ether 188 (95 mg, 
0.16 mmol) was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic acid- 
CHjCI, (16 mL, 0.01 M) at 0 °C. The reaction mixture was stirred at 0 # C for 45 min (com- 
pletion of the reaction by TLC), and then poured into sturated aqueous NaHCOs (50 mL), 
extracted with EtOAc (3 x 20 mL), dried over MgS04 and evaporated under reduced pres- 



WO 98/25929 



- 108- 



PCT/EP97/07011 



sure. Thecrud reaction mixture was purified by flash column chromatography (silica gel 
50% EtOAc in h xanes) to obtain cis-hydroxy lactone 1 90 (74 mg. 96%). 

Synthesis of trans-Dlhydroxy Lactone 191 ss Illustrated In Figure 29. Silyl ether 189 (44 
mg. 0.074 mmol) was treated with a freshly prepared solution of 20% (v/v) trtfluoroacetic 
add (TFAJ-CHaCI, (7.4 mL 0.01 M), according to the procedure described for cis-hydroxy 
lactone 8, to yield, after flash column chromatography (silica get, 50% EtOAc In hexanes) 
trans-dihydroxy ester 191 (33 mg, 93%). 

Synthesis of Eposterones 192 and 194 as Illustrated In Figure 29. To a solution of cis- 
hydroxy lactone 190 (19 mg. 0.039 mmol) in acetonitrile (390 mL, 0.4 M) is added a 0.0004 
M aqueous solution of disodium salt of ethyfenediaminetetraacetic acid (NajEDTA, 200 mL, 
0.2 M) and the reaction mixture is cooled to 0 oC. Excess of 1,1,1-trifluoroacetone (80 mL 
0.5 M) is added, followed by a portionwise addition of Oxone* (120 mg, 0.20 mmol. 5.0 
equiv) and NaHCO, (26 mg, 0.31 mmol. 8.0 equiv) with stirring, until the disappearance of 
starting materia) is detected by TLC. The reaction mixture is then directiy passed through 
silica gel and eluted with 50% EtOAc in hexanes. Purification by preparative thin layer chro- 
matography (250 mm silica gel plate. 70% EtOAc in hexanes) provides the diastereomeric 
eposterones 192 (9.5 mg. 48%) and 194 (3.4 mg, 17%). 

Synthesis of Eposterones 193 and 19S aa Illustrated In Figure 29. As described for the 
epoxidation of cis-hydroxy lactone 190, trans-hydroxy lactone 191 (22 mg, 0.046 mmol) in 
MeCN(460mL0.1 M) was treated with a 0.0004 M aqueous solution of disodium salt of 
ethylenediaminetetraacetic add (Na»E0TA, 230 mL 0.2 M), 1,1,1-trifluoroacetone (92 mL 
0.5 M). Oxone* (141 mg, 0.23 mmol, 5.0 equiv) and NaHCOS (31 mg, 0.37 mmol. 8.0 
equiv), to yield, after purification by preparative thin layer chromatography (250 mm silica 
gel plate, ether), eposterones 193 (7.3 mg, 32%) and 195 (5.2 mg, 23%). 

Synthesis of Eposterones 199, 200, 201, 202, 203, 204, 208, 206, 207, 208, 209 and 210 
aa Illustrated In Figure 30. By simple modification of the esterification step. i.e. replacing 
the thiazole carboxylic add 187 in Figure 29 with the known carboxyiic adds found In epox- 
alone (198). eleutherobin (197) and taxol (196). other members of the eposterone family 
can be created including the various isomers: 199. 200. 201. 202. 203. 204. 205, 208. 207. 
208. 209 and 210. 

Synthesis fPhosphonium Salt 220 as Illustrated In Figure 31. Synthesized according 
to the procedure as described via supra as shown in Figure 12 using 211 instead of 88; see 
conditions in the description of Figures. 
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Synthesis f Intermediates en r utst and lactones 230 and 229 ss Illustrated In 

Figure 33. Synthesized according to the procedure as described via supra as shown in 
Figure 1 4 using 220 instead of 79; see conditions in the description of Figures. 

Synthesis of Intermediates en route to and Epothllone 23 and 24 as Illustrated in 

Figure 33. Synthesized according to the procedure as described via supra as shown in 
Figure 1 4 using 220 as the initial phosponate instead of 79; see conditions in the descrip- 
tion of Figures. 

Synthesis of Nttrtls 244 and intermediates en route to ss illustrated in Figure 34. Syn- 
thesized according to the procedure as described via supra as shown in Figure 17 using 
21 7 instead of 62; see conditions in the description of Figures. 

Synthesis of Carboxyllc Acid 249 and Intermediates en route to ss Illustrated In Figure 

35. Synthesized according to the procedure as described via supra as shown in Figure 1 9 
using 224 instead of 75; see conditions in the description of Figures. 

Synthesis of Hydroxy Add 250 as Illustrated In Figure 35. Synthesized according to the 
procedure as described via supra as shown in Figure 18 using 249 instead of 119; see con- 
ditions in the description of Figures. 

Synthesis of Lactone 229 as illustrated In Figure 36. Synthesized according to the pro- 
cedure as described via supra as shown in Figure 1 8 using 260 instead of 73; see condi- 
tions in the description of Figures. 

Synthesis of Compound 252 ss Illustrated In Figure 37. Compound 251 , trityt chloride 
(2.0 eq.) and DMAP (1.1 eq.) were dissolved in OMF (0.1 M) and the reaction mixture hea- . 
ted at 60 *C for 1 2 h. The solvent was removed under reduced pressure and flash column 
chromatography (silica gel, ether in hexanes) furnished pure 252. 

Synthesis of Primary Alcohol 283 ss Illustrated In Figure 37. Selective Hydroboratfon of 
Olefinic Compound 252. Compound 252 was cooled to 0 *C. 9-B8N (7.0 mL, 0.5 M solution 
in THF, 3.5 mmol, 1 2 equiv) was added, and the reaction mixture was stirred for 2 h at 
0 °C. Aqueous NaOH (7.0 mL, 3 H solution, 21 .0 mmol, 7.2 equiv) was added with stirring, 
followed by H,O a (2.4 ml 7 30%, aqueous solution). Stirring was continued for 0.5 h at 0 *C, 
after which time the reaction mixture was diluted with ether (30 mL). The organic solution 
was separated and the aqueous phase was extracted with ether (2x15 mL). The combi- 
ned organic layer was washed with brine (2 x 5 mL), dried (NajS0 4 ) and concentrated in 
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vacuo. Rash column chromatography (silica gel, 50 to 80% eth r in hexanes) furnished 
primary alcohol 254 (1 .0 g f 91 %). 

Synthesis of Iodide 254 as Illustrated In Figure 37. Iodide 254 (1.18 g, 92%) was prepa- 
red from alcohol 253 (1 .0 g, 2.53 mmol) according to the procedure described above for 
219. 

Synthesis of Hydrazone 255 ss Illustrated In Figure 37. Alkyiation of SAMP Hydrazone 
with Iodide 254, SAMP hydrazone (337 mg, 0.2 mmol. 2.0 equiv) in THF. (2.5 mL) was ad- 
ded to a freshly prepared solution of LDA at 0 °C [diisopropylamino (277 mL. 0.20 mmol, 
2.0*quiv) was added to n-BuLi (1 .39 mL. 1 .42 M solution in hexanes. 0.20 mmol. 2.0 
equiv) in 2.5 mL of THF at 0 -q at 0«C. After stirring at that temperature for 8 h. the resul- 
ting yellow solution was cooled to -100 °C, and a solution of iodide 254 (0.5 g, 0.99 mmol. 
1 .0 equiv) in THF (3 mL) was added dropwise over a period of 5 min. The mixture was 
lowed to warm to -20 °C over 10 h, and then poured into saturated aqueous NH 4 CI solution 
(5 mL) and extracted with ether (3 x 25 mL). The combined organic extracts were dried 
(MgS0 4 ), filtered and evaporated. Purification by flash column chromatography on silica gel 
(20 to 40% ether in hexanes) provided hydrazone 255 (380 mg, 70%. de > 98% by 1H 
NMR) as a yellow oil. 

Synthesis of Nltrils 256 ss Illustrated In Figure 37. Monoperoxyphthalic acid magnesium 
salt (MMPP-6H20, 233 mg, 0.38 mmol, 2.5 equiv) was suspended in a rapidly stirred mix- 
ture of MeOH and pH 7 phosphate buffer (1:1, 3.0 mL) at 0 *C. Hydrazone 255 (83 mg, 
0.1 5 mmol, 1 .0 equiv) in MeOH (1 .0 mL) was added dropwise, and the mixture was stirred 
at 0 # C until the reaction was complete by TLC (ca 1 h). The resulting suspension was pla- 
ced in a separating funnel along with ether (1 5 mg and saturated aqueous NaHCOj solu- 
tion (5 mL). The organic layer was separated and the aqueous phase was extracted with 
ether (1 0 mL). The combined organic solution was washed with water (5 mL) and brine (5 
mL), dried (MgSO*) and concentrated. Rash column chromatography (silica gel, 50% ether 
in hexanes) afforded nitrlle 256 (S3 mg, 80%) as a colorless oil. 

Synthesis of Aldehyde 257 as Illustrated In Figure 37. Nrtrile 256 (53 mg, 0.12 mmol) 
was dissolved in toluene (2.0 mL) and cooled to -78 *C. DIBAL (245 mL. 1 M solution in to- 
luene, 0.22 mmol, 2.0 equiv) was added dropwise at -78 °C and the reaction mixture was 
stirred at that temperature until its completion was verified by TLC (ca 1 h). Methanol (150 
mL) and aqueous HCI (150 mL, 1 N solution) were sequentially added and the resulting mix- 
ture was brought up to 0 *C and stirred at that temperature for 30 min. Ether (5 mL) and 
water (2 mL) were added, and th organic layer was separated. The aqueous phase wss 
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extracted with ether (2x5 mL) and the combined organic solution was washed with brine (5 
mL), dried (MgSO«), filtered and concentrated under reduced pressure. Flash column chro- 
matography (silica gel, 15% ether in hexanes) furnished pure aldehyde 257 (44 mg, 82%). 

Synthesis of Hydroxy Acid 263 snd Intermediates en route to, as Illustrated in Figure 

3S. Synthesized according to the procedure as described above as shown in Figures 16 
and 1 8 using 257 instead of 75; see conditions in the description of Figures. 

Synthesis of Epoxyde 266 and intermediates en route to, as Illustrated In Figure 39. 

Synthesized according to the procedure as described above as shown in Fjgures 1 6 and 1 8 
using 257 as the starting substrated instead of 75; see conditions in the description of Fi- 
gures. 

Synthesis of Spirocyclopropane Ketoester 276 as Illustrated In Figure 41. Cydopropa- 
nation of Ethyl Propionyiacetate 275. Ethyl propionyiacetate 275 (75.0 mL, 0.526 mol; 
Aldrich) was added to a solution of dry KjCOa (218.0 g, 1 .579 mol, 3.0 equiv) in DMF (526 
mL. 1 M) at ambient temperature. This mixture was treated with 1,2-dibromoethane (60.0 
mL, 0.684 mol, 1 .3 equiv) over a period of 15 min and then rapidly stirred for 15 h, after 
which time completion of the reaction was indicated by NMR. Following filtration through 
ceiite and washing with ether, the solvents were removed in vacuo. Vacuum distillation (bp 
64 °C / 6 mm Hg) of the crude product resulted in pure spirocyclopropane ketoester 276 
(53.9 g, 60%) as a colorless oil. 

SynthssJs of Spirocyclopropane Ketoaldehyde 274 as Illustrated In Figure 41. UAJH4 
Reduction / Swem Oxidation of Spirocyclopropane Ketoester 276. To a solution of spiro- 
cyclopropane ketoester 276 (53.9 g, 0.31 6 mol) in ether (1 .5 L, 0.2 M) was added a solution 
of lithium aluminum hydride (LAH; 1 M solution in THF, 632 mL, 0.632 mol, 2.0 equiv) at 
-20 °C over a period of 2 h and the reaction mixture stirred at -20 *C for 2 h. The reaction 
mixture waa then diluted with ether (250 mg and quenched by the sequential dropwise ad- 
dition of water (24 mL), 15% aqueous sodium hydroxide solution (24 mL) and additional wa- 
ter (72 mL). The resulting slurry was allowed to warm to 25 *C over 10 h and the aluminum 
salts were removed by filtration through ceiite. The filtrate was dried (MgSO«), and the sol- 
vent removed in vacuo to yield the crude diol (38.5 g, 93%), which was used in the oxidation 
step without further purification. An analytical sample was prepared by flash column chro- 
matography (silica gel, 33 to 50% EtOAc in hexanes). To a solution of oxaJyl chloride (35.5 
mL 0.407 mol, 3.0 equiv) in OHfih (360 mL) was added dropwise OMSO (38.5 mL, 0.543 
mol, 4.0 equiv) in CH2CI2 (1 00 mL) at -78 # C over 1 h. After stirring for 35 min, a solution of 
crude diol (17.7 g, 0.136 moi) in CHsCta (200 mL) waa added dropwise at -78 •Cover ape- 
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riod of 1.5 h. The solution was stirred tor a further 1 h at -78 °C, before Et,N (151 mL, 
1 .085 mol, 8.0 equiv) was added over 40 min. After a further 15 min at -78 'C the resulting 
slurry was allowed to warm to 0 X over 1 h. Ether {700 mL) and saturated aqueous NH 4 CI 
solution (500 mL) were then added and the organic phase separated. The aqueous phase 
was re-extracted with ether (500 mL) and the combined organic solution washed with satu- 
rated aqueous NH 4 CI solution (1.0 L), dried (Na,S0 4 ), filtered and concentrated under re- 
duced pressure. Purification by flash column chromatography (silica gel, 25% ether in 
hexanes) afforded spirocyclopropane ketoaldehyde 274 (10.9 g, 64%). 

Synthesis of Sllyfether 273 as Illustrated In Figure 41. AJfyiboration of Spirocyclopropane 
Ketoaldehyde 33 and Sirylatton. Alfyllmagnesium bromide (1 M solution in ether, 80 mL, 
80.0 mmol, 1 .0 equiv) was added dropwise to a well stirred solution of H^methoxydiiso- 
pinocampheyl borane (27.2 g, 86.0 mmol, 1.1 equiv) in ether (500 mL) at 0 After the 
completion of the addition, the gray sluny was stirred at room temperature for 1 h and the 
solvent was removed under reduced pressure. Pentane (400 mL) was added to the resi- 
dual solids and the mixture stirred for 10 minutes. The stirring was discontinued to allow 
precipitation of the magnesium salts and the clear supernatant pentane solution was trans- 
ferred via cannula carefully avoiding the transfer of any solid materials. This process was 
repeated four times. The combined pentane fractions were concentrated to a volume of ca. 
500 mL and then added dropwise, without further purification, to a solution of ketoaldehyde 
274 (10.1 g, 79.7 mmol, 1 .0 equiv) in ether (250 mL) at -100 # C. After the addition was 
complete, the mixture was stirred at the same temperature tor 30 min. Methanol (1 0 mL) 
was added at -100 9 C, and the reaction mixture was allowed to warm to -40 # C over 40 min. 
Saturated aqueous NaHCO, solution (125 mL), followed by HjO, (50 wt % solution in HA 
50 mL) were added and the reaction mixture was allowed to stir at room temperature for 
I2h. The organic phase was separated and the aqueous phase extracted with EtOAc (3 x 
250 mL). The combined organic extracts were washed with saturated aqueous NH4CI solu- 
tion (500 mL), dried (NatS0 4 ) and the solvents removed in vacuo to yield the crude aitylic 
alcohol which was used without further purification. An analytical sample was prepared by 
flash column chromatography (silica gel, 3% acetone in CHjCl*). 

This crude alcohol was dissolved in CHtO, (750 mL, 0.3 M) and the solution was cooled to 
-78 °C. The solution was treated with 2,6-lutidine (40 mL, 0.368 mol, 4.6 equiv), and after 
stirring for 5 min, tert-butytdimethyisilyl triflate (70 mL, 0.305 mmol, 3.8 equiv) was added 
dropwia . The reaction mixture was allowed to stir at -78 *C for 35 min, after which time no 
starting material was detected by TIC. Saturated aqueous NH 4 Cf solution (500 mL) was 
added, and th reaction mixture was allowed to warm to room temperature. The organic 
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phase was separated, and the aqueous layer was xtracted with ether (3 x 300 mL). The 
combined organic extracts w re dried (MgSOJ, filtered through cetite and the solvents were 
removed in vacuo to yield the crude silyl ether 32 which was used without further purifica- 
tion. An analytical sample was prepared by flash column chromatography (silica gel, 2 to 
17% ether in hexanes). 

Synthesis of Splroeyelopropsne Ketoaeid 31 ss Illustrated In Figure 41. Oxidation of 
Olefin 273. The crude alkene 273 was dissolved in MeCN (143 mL), CCU (143 mL) and 
H,0 (21 4 mL) and the mixture cooled to 0 °C. Sodium periodate (70 g, 327 mmol, 4.1 
equiv) and ruthenium(lll) chloride hydrate (898 mg, 3.98 mmol, 0.05 equiv) were added and 
the mixture was stirred at 0 # C for 10 min. The dark mixture was allowed to warm to am- 
bient temperature and stirred for 3 h, after which time the disappearance of starting material 
was indicated by TIC. CHjOj (1 .5 L) and saturated aqueous NaCI solution (1 .5 L) were ad- 
ded and the layers were separated. Extractions of the aqueous phase with CHjOt (3 x 750 
mL), filtration through celite, concentration and flash column chromatography (2 to 80% Et- 
OAc in hexanes) yielded pure spirocyclopropane ketoaeid 31 (10.2 g, 43% for three steps). 

Synthesis of Esters 268 and 269 and Intermediates en route to, as illustrated In Figure 

42. Synthesized according to the procedure as described above as shown in Figures 7 
using 272 instead of 8; see conditions in the description of Figures. 

Synthesis of 4,4-Ethano-epothilone A Analogs 267, 282, 283, 284, and Intermediates 
en route to, as Illustrated In Figure 43. Synthesized according to the procedure as de- 
scribed vis supra as shown in Figures 8 using 272 instead of 8 as the substrate pertur- 
bation; see conditions in the description of Figures. 

Synthesis of 4,4-Ethano-epothilone A Analogs 289, 290, 291 , 292, and Intermediates 
en route to, ae Illustrated In Figure 44. Synthesized according to the procedure as de- 
scribed via supra as shown in Figures 8 using 272 instead of 8 as the substrate pertur- 
bation; see condltione in the description of Figures. 

Synthesis of Keto Aldehyde 299 as illustrated In Figure 48. Ozonotysis of Ketone 273. 
Alkene 273 (3.6 g, 12.7 mmol; synthesized exactly to procedures) was dissolved in CH|CI 2 
(50.0 mL, 0.25 M) and the solution was cooled to -78 *C. Oxygen was bubbled through for 
2 min, after which time ozone was passed through until the reaction mixture adopted a blue 
color (ca 30 min). The solution was then purged with oxygen for 2 min at -78 *C (disappea- 
rance of blue color) and Ph»P (6.75 g, 25.4 mmol, 1 .2 equiv) was added. The cooling bath 
was removed and th reaction mixture was allowed to reach room temperature and stirred 
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for an 1 additional hour. The solvent was removed under reduced pressure and the mixture 
was purified by flash column chromatography (silica gel. 30% ether in hexanes) to provide 
pure keto aldehyde 295 (3.26 g, 90%). 295. 

Synthesis of Ketone 294 as Illustrated In Figure 48. To a solution of aldehyde 295 (2 9 
g. 10.2 mol) in THF (50 mL, 0.2 M) at -78 oC was added dropwise lithium tri-tert-butoxyalu- 
minohydride (11.2 mU 1.0 M solution In THF, 11.2 mmol. 1.1 equiv). After 5 min, the reac- 
tion mixture was brought up to 0 «C and stirred at that temperature for 15 min, before quen- 
ehing with saturated aqueous solution of sodlum-potasium tartrate (25 mL). The aqueous 
phase was extracted with ether (3 x 75 mL) and the combined organic layer was dried 
(MgSO.). filtered and concentrated. The crude primary alcohol so obtained was dissolved 
in CH,CI, (50 mL. 0.2 M) and cooled to 0 'C. Et»N (68.1 mL. 30.6 mmol. 3.0 equiv), 4-OMAP 
(120 mg. 0.18 mmol, 0.02 equiv) and tert-butyldimethytsilyt chloride (3.0 g, 20.4 mmol, 2.0 
equiv) were added. The reaction mixture was allowed to stir at 0 *C for 2 h. then at 25 »C 
for 10 h. MeOH (5 mL) was added and the solvents were removed under reduced pressure. 
Ether (100 mL) was added followed by saturated aqueous NH4Q solution (25 mL) and the 
organic phase was separated. The aqueous phase was extracted with ether (2 x 50 mL) 
and the combined organic solution was dried (MgSO,). filtered and concentrated under 
reduced pressure. Purification by flash column chromatography (silica gel, 5% ether in 
hexanes) provided pure bis(silytether) 294 (1 .28 g, 83% yield from 45).. 

Synthesis of tria<Slty1ethere) 297 and 298 aa Illustrated In Figure 47. Aldol Reaction of 
Ketone 294 with Aldehyde 75. The aldol reaction of Ketone 294 (682 mg, 1.7 mmol, 1.4 
equiv) with aldehyde 75 (530 mg, 1 .2 mmol, 1 .0 equiv; vida supra) was carried out exactly 
as described for ketone and aldehyde for epothilone synthesis vida supra, and yielded pure 
297 (270 mg. 24%) and 298 (480 mg, 47%). 297: Colorless 08. 

Syntheala of Epothiionea 217, 311413 and Intermediates en route to, aa Illustrated In 
Figure 47. Synthesized according to the procedure as described above as shown in Figure 
19 using 294 instead of 136; sea conditions in description of Figures for Figure 47. 

Synthesis of aldehydes 320, 321 and 329 aa Illustrated In Figure 49. The synthesis of 
aldehydes 320, 321 and 329 are simple aldhehydea synthesized exactly as in conditions 
found for standard epothilone aldehydes 7 (figure 3), and aldehyde 221 (vida supra); all re- 
actions are earned out using the transformations shown and standard conditions known well 
to one of ordinary skill in the art and therefore no further elaboration will be disclosed here. 
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Synthesis of compounds 33*346 and intarmadlatea on rout* t , as illustrate In 
Figure 50. Synthesized according to the procedure as described via supra as shown in 
Figure 21 using 330, 331, and 332 instead of 140, 144, and 143; see conditio ns as 
disclosed in description of Figures for Rgure 50. 

Synthesis of alcohol 350 as Illustrated In Rgure 52. Allyimagnesium bromide (1 .3 equiv) 
was added dropwise over 45 mm to a solution of (lpc) 2 BOMe (1.3 equiv) in ether (0.2 M) at 

0 and the resulting pale gray slurry allowed to warm to 25 °C over 1 h. The ether was 
removed under reduced pressure and pentane added to the residual solid. The slurry was 
stirred at 25 *C for 10 min and then the solids were allowed to settle over 30 min. The clear 
supernatant solution was thin carefully transferred to a separate flask via cannula. This 
process was repeated four times, and the resulting solution was then added dropwise over 

1 h to a solution of aldehyde 2 (1 .0 equiv) in ether at -100 °C. After 1 h at -100 'C. me- 
thanol was added and the mixture allowed to warm over 40 min. Saturated aqueous 
NaHC03 and 50% aqueous H 2 C>2 were then added and the mixture left to warm to 25 *C 
overnight The layers were separated, the aqueous phase re-extracted with EtOAc and the 
combined organic phases washed with saturated aqueous NH4CI. Drying (NS2S04) and 
concentration under reduced pressure gave a residue, which was purified by flash column 
chromatography (silica gel. 20% ether in hexanes) to give the desired alcohol 360 (91%). 

Synthesis of Lactone 352 and 353 and Intermediates sn routs to- as Illustrated In 
Rgure 52. Synthesized according to the coupling and metathesis procedure as described 
above as shown in Rgure 5 using 350 and 348. 

Synthesis of c/s-Oiol 354 and 356 as (Itusfa-ttod In Rgure 52. To a solution of as-sUyl 
ether 352 (1 .0 equiv) in THF (8.2 mL) at 25 *C was added HFpyr (10 equiv) and the resul- 
ting solution stirred at the same temperature for 27 h. The mixture was then added care- 
fully to saturated aqueous sodium bicarbonate and EtOAc. and the resulting two-phase 
mixture stirred at 25 *C for 2 h. The layers were then separated and the organic layer 
washed with saturated aqueous sodium bicarbonate and brine. Drying over magnesium 
sulfate and purification by flash chromatography (silica gel, 20 50% EtOAc in hexanes) 
afforded the desired dlol 354 in 84% yield. 

Synthesis of 358 snd 357: see above 

Synthesis of 2-<Hydroxy-niethy!)-4^ 383 ss Illustrated In 

Rgure 53. To a solution of 2,5-dibromothiazole (358; 1 .0 equiv) in anhydrous ether (0.1 M) 
was added n-BuU (1 . 1 equiv) at -78 *C, and the resulting solution was stirred at th same 
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temperature for 30 min, before DMF (1 .2 equiv) and hexamethytphosphoramide (HMPA, 1 .1 
equiv) were added at the same time. After being stirred at -78 °C for 30 min, the reaction 
mixture was slowty warmed up to room temperature over a period of 2 h. Hexane (2.0 mL) 
was added and the resulting mixture passed through a short silica cake with 30% ethyl ace- 
tate in hexahes.. The solvents were evaporated to give the crude aldehyde 359 (72 % 
yield), which was used in the next step without further purification. 

To the solution of the crude aldehyde 359 in methanol (0.1 M) was added sodium borohy- 
dride (2.0 equiv) at 25 °C, and the resulting mixture was stirred at the same temperature for 
30 min. EtOAc and hexanes were added, and the mixture passed through a short silica ca- 
ke with ethyl acetate. The solvents were then evaporated and the crude product was puri- 
fied by flash chromatography (20 50% ethyl acetate in hexanes) to give 2-hydroxymethyi- 
4-bromothiazole 360 in 88% yieid. 

To a solution aJcohoi 360 (1.0 equiv) in methylene chloride (0.1 M) at 25 *C was added imi- 
dazole (2.0 equiv), followed by tert-butyldimethyichlorosilane (1 .5 equiv). After 30 min, the 
r action was quenched with methanol, and the mixture was passed through silica with me- 
thylene chloride. Evaporation of solvents gave the silyl ether 361 in 96% yield. 

To a solution of 361 {1 .0 equiv) in ether (0.1 M) was added n-BuU (1.2 equiv) at -78 # C, and 
the resulting mixture was stirred at this temperature for 10 min. Trt-n-butyltin chloride (1.2 
equiv) was then added, and the reaction mixture was stirred at -78 *C for a further 10 min 
and then warmed up to 25 # C over a period of 1 h. The reaction mixture was diluted with 
hexanes and passed through silica with 20% EtOAc in hexanes. The crude product was pu- 
rified by flash chromatography (silica get pre-treated with triethyiamine, 5% Et20 in he- 
xanes) to afford stannane 362 in 85% yield. 

To a solution of silyl ether 362 (1.0 equiv) in THF (0.1 M) was added TBAF (1.0 Min THF, 
1 .2 equiv) at 25 # C and the reaction mixture was stirred for 20 min at this temperature. 
Hexanes were added, and the mixture was passed through silica with EtOAc. Evaporation 
of solvents gave alcohol 363 In 95% yield. 

Synthesis of compounds 364-367 68 illustrated In Figure 53. Compounds 364-367 were 
exactly prepared according to Oondoni et al. Synthesis. 1966, 757-760. 

Synthesis of 2-{ -Acetoxy-pentyf>-4-<trim 371 as Illustrated In 

Figure 53. To a solution of 2,4-dibromothiazole (366; 1.0 equiv) in tP^NH (0.5 M) was 
added 4-pentyn-l-ol (2.0 equiv), tetrakis(triphenylphosphine)palladium(0) (0.05 equiv) and 
Cul (0.1 equiv). Th reaction mixture was then heated at 70 *C for 2 h and after cooling to 
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25 °C th solvents ware r moved und r reduced pressur . Purification by flash column 
chromatography (silica gel. 10% /E 75% EtOAc In hexanes) provided the desired alcohol 
368 in 83% yield. 

A solution of alcohol 368 (1 .0 equiv) and RO2 (0.1 equiv) in EtOH (0.1 M) was stirred at 25 
°C under an atmosphere of hydrogen for 4 h t until the disappearance of starting material 
was indicated by 1H NMR. Subsequent filtration through a short plug of silica, washing with 
EtOAc, and removal of the solvents under reduced pressure afforded the desired alcohol 
389(100%). 

A solution of alcohol 369 in pyridine-acetic anhydride (i:1 ; 0.1 M) was stirred at 25 *C for 2 
h, after which TLC indicated completion of the reaction. The reagents were then removed 
under reduced pressure. Purification by flash column chromatography (silica gel, 10% JE 
40% ether in hexanes) gave the desired acetate 370 in 90% yield. 

A solution of acetate 370 (1 .0 equiv) in degassed toluene (0.1 M), was treated with hexa- 
methyiditin (10 equiv) and tetrakis(triphenyiphosphina)paJladium(0) (0.1 equiv). The mixture 
was then heated to 1 00 # C for 3 h t after which TLC indictated disappearance of the aryl bro- 
mide. The reaction mixture was cooled to 25 *C and purified by flash column chromatogra- 
phy (silica gel, 50% ether in hexanes containing NEt3) to afford the desired stannane 371 in 
93% yield. 

Synthesis of 2-PlperidlnyM-(trtmethyl»ta 373 as Illustrated In Figure S3. 

2.4-Dibromothiazole (386; 1 .0 equiv) was dissolved in piperidine (0.5 M) and the reaction 
was warmed to 50 JC for 8 h, upon which completion of the reaction was indicated by TLC. 
The mixture was poured into water and extracted with ether (2 x). Drying (MgS04) and eva- 
poration of the solvents gave 2-piperidinyl-4-bromothiazole 372, which was isolated after 
flash column chromatography (silica gel, 5% EtOAc in hexanes) in 100% yield. 

2-Rperidinyl-4-bronKrthia20ie (372, 1 .0 equiv) was taken up in degassed toluene (0.1 M), 
and hexamethyiditln (10 equiv) and t6trakis(trtphenytphosphine)pailadium(0) (0.1 equiv) 
were added. The mixture was then heated to 80 *C for 3 h, after which TLC indicated dis- 
appearance of the aryl bromide. The reaction mixture was poured into saturated aqueous 
NaHC03 solution and extracted with ether, washed with water and with saturated aqueous 
NaCI solution (1 20 mL). The organic extract was dried (Na2S04) and the solvents and the 
excess hexamethyfditin were removed under reduced pressure. Flash column chromato- 
graphy (silica gel, 5% NEt3 in hexanes) provided 2-piperidinyl-4- (trimethytstannyOthiazole 
373 in 100% yield. 
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Synthesis of 2-Thl msthy»-4-{trimsthylstsnnyl)thlsrolt 375 as illustrated in Figure 53. 

2,4-Dibromothiazole (358; 1.0 equiv) was dissolved in etnanoi (0.1 M) and treated with 
sodium thiomethoxide (3.0 equiv). The reaction mixture was stirred at 25 °C for 3 h, upon 
which completion of the reaction was indicated by 1H NMR. The mixture was poured into 
water and extracted with ether (2 x). Drying (MgS0 4 ) and evaporation of the solvents gave 
2.thiomethyl-4-bromomiazole 374, which was isolated, after flash column chromatography 
(silica gel, 5% EtOAc in hexanes), in 92% yield. 

2-Thiomethyl^bromothiazole (374) was taken up in degassed toluene (0.1 M), and was 
then treated with hexamethylditin (10 equiv) and tetraWs(triphenylphosphine)palladium(0) 
(0.1 equiv) at 80 °C for 3 h according to the procedure described for the synthesis of 2-pi- 
peridiny»^.(trimethylstannyl)thia2ole (373), to yield, after flash column chromatography (si- 
lica gel, 5% NEt3 in hexanes), 2-thiophenyt-4-(trinmtn^^ (375; 100 %). 

Synthesis of Compounds 378-377 and 378*79 as Illustrated In Figure 53. Compounds 
376*77 are commercially available from Aldrich. Compounds 378*79 are exactly prepa- 
red according to Dondoni at al. Synthesis, 1988, 757; Raynaud et al. Bull. Soc. CWm. Fr. 
1982,1735. 

Synthesis of 2-Thiophefiyl-4-(trtmethylstannyl)thla20le 381 as Illustrated In Figure 53. 
2,4-Oibromothiazole (388; 1 .0 equiv) was dissolved in ethanol (0.1 M) and treated with thio- 
phenol (3.0 equiv) and solid sodium hydroxide (3.0 equiv). The reaction mixture was hea- 
ted at 45 °C for 4 h, upon which completion of the reaction was indicated by TLC. The mix- 
ture was poured into water and extracted with ether (2 x). Drying (MgSCU) and evaporation 
of the solvents gave 2-thfophenyM-bromothiazole 380, which was isolated after flash co- 
lumn chromatography (silica gel, 5% EtOAc in hexanes) in 84% yield. 

2-ThiophenyU-bromothiazole (380; 1 .0 equiv) was taken up in degassed toluene (0.1 M), 
and was then treated hexamethyldffln (10 equiv) and tetraWs(triphsnyiphosphine)pa)la- 
dium(0) (0.1 equiv) at 80 # C for 3 h according to the procedure described for the synthesis 
of 2-piperidinyl^(Mme!hy^ (373), to yield, after flash column chromatogra- 

phy (silica gel, 5% NEts In hexanes), 2-thtopherryM-(trimethyistanny0tW (381; 100%). 

Synthesis of 2-EthyM-(tr1methylstsnny1)thls20lt 384 ss Illustrated In Figure 53. A 

solution of 2,4-dibromothiazole (388; 1 .0 equiv), thbutyl(vinyl)tln (1 .1 equiv) and tetrakis- 
(triphenytphosphine)paiiadium(O) (0.1 equiv) in degassed toluene (0.1 M) were heated at 
1 10 °C for 20 min, after which completion of th reaction was shown by TLC. The reaction 
mixture was poured Into saturated aqueous NaHC03-NaO solution and extracted with ether 
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(2 x). The organic extract was dried (Na2S04), and the solvents w r removed under re- 
duced pressure to yield, after purification by preparative thin layer chromatography (silica 
gel, 5% EtOAc in hexanes), 2-virtyM-bromothiazole 382 in 96% yield. 

Vinylthizaofe 382 (1 .0 equiv) was taken up in ethanoi (0.1 M) and treated with Adam's ca- 
talyst (PTO2, 0.05 equiv) and hydrogen (1 atm) for 4 h at 25 °C, in accordance with the pro- 
cedure describing the hydrogenation of compound 368, to yield, after purification by prepa- 
rative thin layer chromatography (silica gel, 5% EtOAc in hexanes), 2-ethyW-bromothiazole 
383 in 100% yield. 

2-EthyM-bromothiazole (383; 1 .0 equiv) was taken up in degassed toluene (0.1 M), and 
was then with treated hexamethylditin (10 equiv) and tetrakia(triphenylphosphine)palladi- 
um(0) (0.1 equiv) at 80 °C for 3 h according to the procedure described for the synthesis of 
2-piperidinyl-4-(trimethylstannyl)thiazole (373), to yield, after flash column chromatography 
(silica gel, 5% NEta in hexanes), 2-ethyM-(trimethylstanriyt)thiazole (384) in 100% yield. 

Synthesis of 2^methyt«mlno^trernthy1stannytthiazole 366 as illustrated In Figure 63. 

2,4-Dibromothiazole (368; 1.0 equiv) was dissolved in DMF (0.1 M) and heated at 150-160 
°C for 8 h, upon which completion of the reaction was indicated by TLC. The mixture was 
poured into water and extracted with ether (2 x). Drying (MgS04) and evaporation of the 
solvents gave 2-dimethylamino-4-bromothiazole 386, which was isolated after flash column 
chromatography (silica gel, 5% EtOAc in hexanes) in 89% yield. 

2-Dimethytamino-4-bromothiazole (388; 1 .0 euqiv) was taken up in degassed toluene (0.1 
M), and was then treated with hexamethytditin (10 equiv) and tetrmkts(triphenytphosphine)- 
palladium(O) (0.1 equiv) at 80 *C for 3 h according to the procedure described for the syn- 
thesis of 2-piperidinyW-(trimethylstanny^ (373), to yield, after flash column chro- 
matography (silica gel, 5% NEt3 *" hexanes), 2-dimemytamino-* 
(386; 100%). 

Synthesis of 2-Acetoxyfn«th7M^methy1stanny0thlazoto 388 as Illustrated In Figure 

53. Alcohol 360 (1 .0 equiv) was taken up in pyridine— acetic anhydride (1 :1 ; 0.2 M) at 25 
°C and stirred at this temperature for 3 h, in accordance with the procedure for the forma- 
tion of acetate 370, to give, after purification by flash column chromatography (silica gel, 5% 
EtOAc in hexanes), 2-acetoxymethyM-bromothiazole (387) in 95% yield. 

2-Acetoxymethyl-4-brornothiazole (387) was taken up in degassed toluene (0.1 M), and was 
then treated hexamethyiditin (10 equiv) and teftkis(triphenytphosphine)palladium(0) (0.1 
equiv) at 80 *C for 3 h according to the procedure described for the synthesis of 2-piperidi- 
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ny|.4.(trimethyl8tannyf)thia20le (373), to yield, after flash column chromatography (silica gel, 
5% NEt3 in hexanes), 2-acetoxymethyl-4-(trimethylstannyl)thia2ole (388; 100%). 

Synthesis of 2.FluoromethyU^trlmethy1stannyf)thls2ole 390 as Illustrated In Figure 

53. A solution of alcohol 380 in CH2CI2 (0.1 M) was added via syringe to a cold (-78 *C) 
solution of diethyiamtnosulfur trifluoride (DAST, 1 .1 equiv) in CH2CI2 (0.1 M). The reaction 
was allowed to warm slowly to 25 •<:, and was then quenched by addition of saturated 
aqueous NaHC03 solution. The organic layer was separated and washed with saturated 
aqueous NaCI solution. After drying (MgS0 4 ) and evaporation of the solvent under reduced 
pressure, purification by flash column chromatography (silica gel, 5% EtOAc in hexanes) 
resulted in 2-flubromethyl^brorrwthiazole (389) in 88% yield. 

2-RuoromethyM-bromothia2ole (389; 1 .0 equiv) was taken up in degassed toluene (0.1 M), 
and was then treated with hexamethylditin (10 equiv) and tetnikis(triphenytphosphine)paJla- 
dium(0) (0. 1 equiv) at. 80 *C for 3 h according to the procedure described for the synthesis 
of 2-piperidinyl^(trimeth^ (373), to yield, after flash column chromatogra- 

phy (silica gel, 5% NEt3 »n hexanes), 2-fluorometriyl-4-{trimethyta^ (390) In 

100% yield. 

Synthesis of 1 -Methyf.2^methytstannyf)lmlds2ole 391 as Illustrated In Figure 53. To 

a solution of 1 -methylimldazoie (1 .0 equiv) in ether (0.1 M) was added r>BuU (1 .2 equiv) at 
-78 °C, and the resulting mixture was stirred at this temperature for 10 min. Trimethyttln 
chloride (1 .2 equiv) was then added, and the reaction mixture was stirred at -78 *C for 10 
more min and then warmed up to 25 *C over.a period of 1 h. The reaction mixture was di- 
luted with hexanes and passed through silica with 20% EtOAc in hexanes. The crude pro- 
duct was purified by flash chromatography (silica gel pre-trsated with trtethytamine, 5% 
Et20 in hexanes) to afford stannane 391 in 85% yield. 

General Procedure for Stifle Coupling with Epothllone analogs as Illustrated In Figure 
52 and compounds found In Figures 54-88 - General Procedure A. A solution of vinyl 
iodide (1 .0 equiv, cfe- or ftracompound), aryi stannane (2.0 equiv) and tetraWsfjriphenyt- 
phosphine)palladium(0) (0.1 equiv) in degasssd toluene (0.1 M) was heated at 100 *C for 
30-40 min. The reaction mixture was poured into saturated aqueous NaHC03-NaCI solu- 
tion and extracted with EtOAc. The organic extract was dried (NasSCU). and the solvents 
were removed under reduced pressure to yield, after purification by preparative thin layer 
chromatography (250 nm silica gel plat , 75% ether in hexanes), the corresponding epo- 
thil ne analogs (see Table for yields). 
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General Procedure & A solution of vinyl iodide (1 .0 equiv, or fran^compound), aryl 
stannan (2.0 equiv) and pailadium(ll) bis(benzonitrile) dichloride (0.1 equiv) in degassed 
DMF (0.1 M) was stirred at 25 *C for 10 h. The reaction mixture was poured Into saturated 
aqueous NaHC03-NaCI solution and extracted with EtOAc (2 x). The organic extract was 
dried (Na2S04), and the solvents were removed under reduced pressure to yield after puri- 
fication by preparative thin layer chromatography (250 urn silica gel plate, 75% ether in 
hexanes) the corresponding epothiione analogs (see Table for yields). 

Synthesis of epoxide 356B from 366A as Illustrated In Figure 96. Conditions exactly as 
that of the conversion from 110 to 111 as shown in Figure 14 (see above). 

Synthesis of alcohol 392 as illustrated In Figure 58. Trltyt deprotectlon Method A. To a 

stirred solution of trityf ether 264(1 equiv.) in CH2CI2 /MeOH (1 :1 , 0.1 M) at 0 # C was added 
camphor sulfonic add (1 equiv.) and the mixture allowed to warm to room temperature. Af- 
ter stirring for 2 hours, EfcN (1 .5 equiv.) was added and solvent removed in vacuo. Flash 
chromatography afforded the product 362 as a colorless oil (70%). 

Method B. To a stirred solution of trityl ether 264 (1 equiv.) in MeOH/CHaCfe (10:1, 0.1 M) 
was added PPTS (1 equiv.). The reaction was stirred for 72 hours before solvent was re- 
moved in vacuo. Filtration through a plug of silica gel gave the product 362 as a colorless 

oil (60%). 

Method C. To the trityl ether 264(1 equiv.) at 0 # C was added a mixture of etherformic 
acid (1:1, 0.2M). After stirring for 1 hour, the reaction was quenched with saturated aque- 
ous sodium bicarbonate. The layers were separated and the aqueous phase extracted with 
ether. The combined organic extracts were dried (MgS04), filtered and concentrated in 
vacuo. Rash chromatography gave the product 362 as a colorless oil (65%). 

Synthesis of compound 366 66 Illustrated In Figure 56. Fluorfnation of airyilc alcohol 
362. To a stirred solution of aJlyilc alcohol 363 (1 equiv.) in CH2CI2 at -78 *C was added &- 
ethytamino sulfurtrffluorlde (DAST, 1 equiv.). The reaction was then allowed to warm slowly 
to room temperature before being quenched with saturated aqueous sodium bicarbonate 
solution. The layers were separated and the aqueous phase extracted with CH2CI2. The 
combined organic extracts were dried (MgS04), filtered and concentrated in vacuo. Rash 
chromatography gave the fluoride 363 as a colorless oil (30%). 

Synthesis of compound 364 as illustrated In Rgure 66. Compound 364 was prepared 
using conditions exactly as described for the conversion of 121 to 71 (vida supra) in Rgure 

18. 
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Synthesis of compound 395 ss Illustrated In Figure 56. Compound 395 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 1 6. 

Synthesis of compound 395 as Illustrated in Figure 58. Chlorlnatlon of allylic alcohol 

392. To a solution of allylic alcohol 392 in CCI4 (0.1 M) was added PPh3 (2.5 equlv.). The 
reaction was then heated to reflux for 1 8 hours. After cooling to room temperature, the sol- 
vent was removed in vacuo and the resulting residue filtered through a plug of silica gel to 
provide the chloride 398 as a colorless oil (90%). 

Synthesis of compound 397 as Illustrated In Figure 58. Compound 397 was prepared 
using conditions exactly as described for the conversion of 121 to 71 (see above) in Figure 
18. 

Synthesis of compound 398 ss Illustrated in Figure 58. Compound 398 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (see above) in Figure 16. 

Synthesis of compound 399 as illustrated In Figure 59. Oslkytatlon of alrytlc alcohol 
392. To a suspension of sodium hydride (1 .2 equiv.) in THF (0.1 M) was added a solution of 
the allylic alcohol 392 in THF. After stirring for 30 minutes, a solution of the aikyrl halide in 
THF (1 .0M; aikyl halide can be selected from the group consisting of iodmethane, iodo- 
ethane, 2-iodopropane, 1-iodobutane, 1-iodopropane, benzyl iodide and aJIyi iodide; com- 
mercially available from AJdrich/ Sigma) was added and the resulting mixture was stirred 
until TLC indicated completion of the reaction. Saturated aqueous ammonium chloride 
solution was added and the layers were separated. The aqueous phase was extracted with 
ether and the combined organic extracts were dried (MgS04), filtered and concentrated in 
vacuo. Rash chromatography gave the ether product 399. 

Synthesis of Triol 400 as illustrated In Figure 59. Compound 399 (1 equiv.) was treated 
with a 30 % solution of HPpyrkflne in THF. Aftsr stirring for 24 hours, ths reaction was 
quenched by pouring Into saturated sodium bicarbonate solution. The layers were separa- 
ted and the aqueous phase extracted with ether. The combined organic extracts were dried 
(MgS0 4 ), filtered and concentrated in vacuo. Flash chromatography gave 400 (78%). 

Synthesis of compound 401 as illustrated In Figure 59. Compound 398 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 1 6. 

Synthesis f epoxide 403 ss Illustrated in Figure 80. To a solution of 9.55g (53.6 mmoJ) 
of alcohol 402 and .25 equiv of D-(+)diisopropyl tartrate in 0.1 Molar of dichloromethane 
was added. Th solution wss cooled to -30 *C and .2 equiv of freshly distilled titanium to- 
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tra.sopropoxide was added. Th clear solution was stirred at - 20 «C for 30 min. and an all- 
qu _ t was quenched tor capillary GLC analysis. After an additional 5 min of stirring at «TC 
2.0 equiv of a 1 .5 M solution of ter-butyl hydroperoxide in 2.2.4-timethylpentane was added' 
over 10 mm. The resulting mixture was stirred at 20 «C for 3h after which the reaction was 
quenched by pouring into saturated sodium bicarbonate solution. The layers were separa- 

r^!r q T s phaso extracted **• ^ *.« 

(MgS04), filtered and concentrated in vacuo. Flash chromatography gave 403. 

Sytheeis of esters 404. Method 1. To a stirred solution of 403 (1 equiv.) in THF<0 1M) 
was added triethyiamine (1.1 equiv.) and the required anhydride (1.1 equiv. ((RCOJaO) 
selected from the group consisting of acetic anhydride, chloroacetic anhydride, propionic 
anhydride, trifluoroacetie anhydride, isobutyric anhydride; commercially available from 
AldrichV Sigma). After stirring for 2 hours, the reaction was quenched with saturated aque- 
ous sodium bicarbonate solution. The layers were separated and the aqueous phase ex- 
traded with ether. The combined orgainc extracts were dried (MgS0 4 ), filtered and con- 
centrated in vacuo. Flash chromatography gave 403. 

Synthesis of esters 404. Method 2 aa Illustrated In Figure 60. To a stirred solution of 
403 (1 equiv) in CH2CI2 (0.1M) was added triethyiamine (1.1 equiv.) and the required acid 
chloride (l.i equiv. selected from the group consisting of pivaloyi chloride, cydopropanecar- 
bonyl chloride, cyclohexanecarbonyl chloride, acrytovl chloride, benzoyl chloride. 2-furoyl 
chloride. N-ben2oy(-(2R,3S)-3^henyiisoserine, cinnamoyl chloride, phenytacetvt chloride. 2- 
thiophenesulfonyl chloride; commercially available from Aldrieh/ Sigma). After stirring for 2h. 
the reaction was quenched with saturated aqueous sodium bicarbonate solution. The layers 
were separated and the aqueous phase extracted with ether. The combined orgainc ex- 
tracts were dried (MgS04). filtered and concentrated in vacuo. Flash chromatography gave 

Syntheaie of thloother 408 aa illustrated In Figure 80. To a stirred solution of allyilc alco- 
hol 392 (1 equiv.) in THF (0.1 M) was added the required disulfide (2 equiv.) followed by 
tribytul phosphite (2 equiv.). After stirring for 4 hours the reaction was quenched with brine 
and the layers were separated. The aqueous phase was extracted with ether and the com- 
bined organic extracts were dried (MgS0 4 ). filtered and concentrated in vacuo. Flash chro- 
matography gave the thfoether 408 . 

t 

Synthesis of compound 406 aa Illustrated In Figure 80. Compound 408 was prepared 
using conditions exactly as described for the conversion of 1 21 to 71 (vida supra) in Figure 
18. 
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Synthesis of compound 407 as Illustrated In Figure 60. Compound 407 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 1 6. 

Synthesis of compound 408. Tosyiation of allyllc alcohol 392 as Illustrated In Figure 

61. To a stirred solution of aJtyfic alcohol 392 (1 equiv) in CH 2 CI 2 (0.1M) at 0 'C was added 
Et3N (4.0 equiv) followed by tosyl chloride (2.0 eqiuv). The reaction mixture was warmed to 
room temperature and stirred until complete as determined by TLC. Saturated ammonium 
chloride solution was added and the layers were separated. The aqueous phase was ex- 
tracted with ether and the combined organic extracts wore dried. (MgS0 4 ), filtered and con- 
centrated in vacuo. Rash chromatography gave the tosytate 408. 

Synthesis of azide 409 as illustrated In Figure 61. To a stirred solution of tosylate (1 
equiv.) 408 in DMF was added sodium azide. The reaction was stirred for some hours. Sa- 
turated ammonium chloride solution was added and the layers were separated. The aque- 
ous phase was extracted with eteher and the combined organic extracts were dried 
(MgS0 4 ), filtered and evaporated in vacua Flash chromatography then provided the azide 
409. 

Synthesis of dlo! 410 ss Illustrated In Figure 61. Azide (1 equiv.) 409 was treated with a 
30% solution of Hfpyridine in THF. After stirring for 24 hours, the reaction was quenched by 
pouring into saturated sodium bicarbonate solution. The layers were separated and the 
aqueous phase extracted with ether. The combined organic extracts were dried (MgS04), 
filtered and concentrated in vacuo. Flash chromatography gave 410. 

Synthesis of amine 411 as Illustrated in Figure 61. To a stirred solution of azide 411 (1 
quiv.) in a mixed solvent system of THRH2O (1:1, 0.1 M) was PPh3. The reaction was stir- 
red for 4 hours before being poured into saturated brine. The layers were separated and 
the aqueous phase extracted with ether. The combined orgainc extracts were dried 
(MgS04), tittered and concentrated in vacuo. Flash chromatography gave 411. 

Synthesis of amides 412 as Illustrated In Figure 61. Method 1. To a stirred solution of 
amine 41 1 (1 equiv.) In THF (0.1 M) was added triethyiamine (1 .2 equiv.) and the required 
anhydride (1 .1 equiv. ((RC0)2O) selected from the group consisting of acetic anhydride, 
chioroacetic anhydride, propionic anhydride, trifluoroacetic anhydride, isobutyric anhydride; 
commercially available from Aidrich/ Sigma). After stirring for 4 hours, the reaction was 
quenched with saturated aqueous sodium bicarbonate solution. The layers were separated 
and the aqueous phase extracted with ether. The combined orgainc extracts were dried 
(MgS04), filtered and concentrated in vacuo. Flash chromatography gave 412. 
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Amides 412. Method 2. To a stirred solution of amin 41 1 (1 equiv) in CH2CI2 (0.1M) was 
added triethylamine (1.2 equiv.) and the required acid chloride (1.1 equiv. selected from the 
group consisting of pivaloyt chloride, cydopropanecarbonyf chloride, cyclohexanecarbonyl 
chloride, acryloyl chloride, benzoyl chloride, 2-furoyf chloride, N-benzoyl-(2R,3S)-3-pheny|. 
isoserine, cinnamoyi chloride, phenylacetyl chloride. 2-thiophenesulfonyl chloride; commer. 
cialry available from Aidrich/ Sigma). After stirring for 4 hours, the reaction was quenched 
with saturated aqueous sodium bicarbonate solution. The layers were separated and the 
aqueous phase extracted with ether. The combined orgainc extracts were dried (MgS04), 
filtered and concentrated in vacuo. Rash chromatography gave 412. 

Synthesis of compound 413 as illustrated In Figure 61. Compound 413 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 16. 

Synthesis of Aldehyde 414. Oxidation of Alcohol 403 as Illustrated In Figure 62. To a 

solution of alcohol 403 (1.0 equiv.) in CH2CI2 (0.1 M) was added at -78 *C TEMPO (2.2,6,6. 
tetramethyl-1-piperidinyloxy, free radical.) (0.008 M solution in CH2CI2. 1.5 equiv), KBr (0.2 
M aqueous solution, 0.1 equiv), and NaOO (0.035 M solution in 5% aqueous NaHC03, 10 
equiv). After stirring for 0.5 h, the organic layer was dried (MgS04), filtered and concentra- 
ted under reduced pressure. Purification by preparative chromatography provided aldehyde 
414 (75%). 

Synthesis of carboxyllc Add 415. Oxidation of Aldehyde 414 as Illustrated In Figure 
62. Aldehyde 414 (1 equiv.), fiuOH (0.1 M), isobutytene (3.0 equiv.), H2O (0.02M), NaCXfc 
(3.0 equiv.) and NaH2P04 (3 equiv.) were combined and stirred at room temperature for 
1 h. The reaction mixture was concentrated under reduced pressure and the residue was 
subjected to flash column chromatography to afford carboxyiie add 41 6. 

Synthesis of ester 416. Coupling of add 415 wtth different alcohols and amines as 
illustrated In Figure 62. A solution of acid 416 (1.0 equiv), 4-(dimethyiamim))pyridine (4- 
DMAP, 0.1 equiv) and alcohol or amine selected from the group consisting of methanol, t- 
butanol, i-propanol. phenol, benzyl alcohol, furfuryiamine N-benzoy»-(2R,3S)-3-phenyiisc- 
serine, dimethyl amine, diethyl amine, benzyl amine (1 .0 equiv) in CH2CI2 (0.3 M) was 
cooled to 0 oc and then treated with 1 -ethyH3-drr*mytamirK>p hy- 
drochloride (EDC, 1 .2 equiv). The reaction mixture was stirred atO*Cfor2handthenat 
25 °C for 5 h. The solution was concentrated to dryness in vacuo, and the residue was 
taken up in EtOAc (10 mL) and water (1 0 mL). The organic layer was separated, washed 
with saturated NH4CJ solution (10 mL) and water (10 mL) and dried (MgS04). Evaporation 
of the solvents followed by flash column chromatography resulted in pure ester 416. 
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Synthesis of variabl ring size Compounds shown In Figure 68. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Figures for Fig. 
68. 

Synthesis of variable ring size Compounds shown in Figure 60. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Figures for Fig. 
69. 

Synthesis of variable ring size Compounds shown in Figure 70. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Figures for Ftg. 
70. 

Synthesis of Compound 100k as shown In Figure 72. Diol 414 (1.0 equiv) was dissolved 
in CH2CI2 (0.1 M) t the solution was cooled to 0 *C and Et3N (10 equiv) was added. After 
stirring for 5 min, chloro trimethyisilane (5.0 equiv) was added dropwise and the reaction 
mixture was allowed to stir at 0 # C for 1 h, and then at 25 *C for 11 h, after which time no 
starting alcohol was detected by TLC. Methanol (2 mL) was added at 0 oc and the solvent 
was removed under reduced pressure. Rash column chromatography provided pure 2000 
(67%).Next, methyltriphenylphosphonium bromide (1 .5 equiv) was dissolved in THF (0.2 M) 
and the solution was cooled to 0 *C. Sodium hexamethyldisirytamide (NaHMDS, 1 .4 equiv) 
was slowly added and the resulting mixture was stirred for 1 5 min before aldehyde 2000 
(1 .0 equiv) was added at the same temperature. Stirring was continued for another 0.5 h at 
25 °C and then, the reaction mixture was quenched with saturated aqueous NH4CI solution. 
Ether was added and the organic phase was separated and washed with brine, dried 
(MgS04) and concentrated under vacua The crude product was purified by flash column 
chromatography to afford olefin 2001 (75%). The deprotection of compound 2001 to com- 
pound 1000K' was done in 99%, according to the procedures described above (using 
HF pyridinepyridineTHF mixture). 

Synthesis of Compound 2003 as shown In Figure 73. To a stirred solution of alcohol 403 
(1 equiv) in CH2CI2 (0.1 M) at 0 *C was added Et3N (4.0 equiv) followed by tosyi chloride 
(2.0 equiv) and DMAP (0.1 equiv). The reaction mixture was warmed to room temperature 
and stirred until complete as determined by TLC (1 h). Saturated ammonium chloride solu- 
tion was added and the layers were separated. The aqueous phas was extracted with 
ether and the combined organic extracts were dried, (MgS04), filtered and concentrated in 
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vacuo. Rash chromatography gav the tosytate 2002 (85%). NextT a stirred solution of 
tosylate (1 equiv) 2002 in acetone (0.1 M) was added sodium iodide. The reaction was stir- 
red for 12 hours. Saturated ammonium chloride solution was added and the layers were 
separated. The aqueous phase was extracted with ether, and the combined organic ex- 
tracts were dried (MgSCU). filtered and evaporated in vacuo. Rash chromatography then 
provided the iodide 2003 (85%). 

Synthesis of Compound 1000n as Illustrated In Figure 74 To a solution of alhylic alcohol 
302 in Et 2 0 (0.1 M) was added MnCfc (5.0 equiv.). The reaction was then stirred for 3 hours 
at 25 °C. The suspension was filtered through a plug of celrte to provide after flash column 
chromatography, compound 2004 as a colorless oil (85%). Next, To a stirred solution of tri- 
methylsilyl diazomethane (1.5 equiv.) in THF (0.1 M) at -78 °C was added r>BuU (1.3 
equiv.). The solution was stirred at the same temperature for 1 h prior addition of aldehyde 
2004 (1 .0 equiv.). Stirring was maintained for another hour at -78 *C, and the solution was 
then allowed to warm slowly to 0 *C before being quenched with saturated aqueous sodium 
bicarbonate solution. The layers were separated and the aqueous phase extracted with 
CH2CI2. The combined organic extracts were dried (MgSCU), filtered and concentrated in 
vacuo. Rash chromatography gave the compound 2005 as a colorless oil (75%). The de- 
protection of compound 2008 to afford 1000n was done in 91%, according to the procedure 
described vida supra (using HFpyridine in THF). 

Synthesis of Compound 1001' as Illustrated In Rgure 75. To a stirred solution of com* 
pound 2005 (1 .0 equiv.) in ethyfacetate (0.1 M) at 25 *C was added under argon, Undlar 
catalyst (0.1 equiv.). The solution was then stirred at the same temperature under an atmo- 
sphere of hydrogen (H2) for 0.25 h or until reaction was completed. The suspension was fil- 
tered over ceiite and the solution concentrated in vacuo. Rash chromatography gave the 
compound 2006 as a colorless oil (30%). The deprotection of compound 2000 to afford 
2007 was done in 90%, according to the procedure described for the synthesis of diol 2007 
(using HF pyridine In THF). Finally, the oxidation was carried out identically as that of epo- 
thilone B synthesis to provide 1001(1*). 

Synthesis of epoxide 2000. Epoxide 2006 was prepared from 392 using the same condi- 
tions as that of conversion of compound 402 to 403 with the use of (-) dlethyt-L-tartrate in- 
stead of (+) diethyl-D-tartrate) wherein compound 2006 was obtained in 76% yield. 
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Syntheal. of .nyHc Aleohol 2009. To a stirred solution of 2008 in a mixed soivent system 
^Tn^ 

2 L 9 atth ' 8,WT,PeratUre,0r1 h0ur ' *» reacten was quenched with water and 

0 IZ " S8parated ' ^ " qU,0Ua PhM8 - with ether (3 «mes) and the 

dry ing (M9SO4), the organic solution was filtered and concentrated in vacuo. Rash chro- 
matography provided the aJlylie alcohol 2009. 

Syntheei. of atannan. 2010. To a stirred solution of aUyfic alcohol 2009 in THF (0.1 M) at 

M sT^T T hydr0Xid9 W «« * — «*"*>" of Bu3SnH 

^ T, 8 006 ^ *• SO ' VOrt ^ r9fr,oved vacuo, and the residue » 
tered through silica get to give 2010. 

Synthesis of eyelopropyl compound 201 1 To a stirred solution of stannane 2010 in 
CH2CI2 (0.1 M) at -15 C was added triethylamine (4 eq.) followed by methane sulfonyl 
chlonde (2 eq.). After stirring at this temperature for 1 hour, the reaction was quenched by 
the addition of saturated aqueous sodium bicarbonate solution. The layers were separated 
and the aqueous phase extracted with CHjjO, (3 times). The combined organic extracts we- 
re dried, filtered and concentrated in vacuo. Flash chromatography gave the product 2011. 

Syntheals of cyclopropane opothllono A 2012. Product 201 1 was deprotected as descri- 
bed previously for the conversion of 2001 to 1000k' using HF«pyr in THF. 
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What ja claimed la: 

1 . A compound represented by the following structure (formula (I)): 




wherein n is 1 to 3; either R* is -OR, and R- Is hydrogen, or R* and R- togetnax forma, 
further bond so that a double. bondJaprasant batwaeathe. Jwq carbon atoms canyjngjR* 
and R-; R, is a radical selected from the group consisting of hydrogen or methyl, or a 
protecting group; R 2 is a radical selected from the group consisting of hydrogen, methylene 
and methyl; R 3 is a radical selected from the group consisting of hydrogen, methylene and 
methyl; R 4 is a radical selected from the group consisting of hydrogen or methyl, or is a 
protecting groupie a radical selected from the group consisting of hydrogen, methyl. - 
CMO. -COOH. -COaMe, -CO^fert-butyi), -C0 2 <«o-propyi). ^(phenyl), -CO^eruyl). - 
CONHflurturyl). -C0 2 (/V^ ) enzo-(2fl,3S)-3i^«ny1laosefine), -CON(methyi) 2 , -CON (ethyf) 2 . - 
CONH(benxyl). ^H-CH 2 , HC3C- . antfJCHgR, , ; R, , is a radical selected from the 

group consisting of -OH. -O-Trttyf, -O-fl^-Ce sikyO. -((^-Cg alkyQ. -O-benzyi. -O-ailyl. 
-0-COCH 3 , -O-COCH^ -O-COCHgCHg, -O^XOT 3 , -O-COCHfCH^. -CKX±C(CHj) 3 , 
•C^O(cyctopropane).-OCO(cycton«xane). -0-COCH»CH 2 , -O-CO-Phehyl, -0-(2-furoyl), 
-0-(W*»»H»ttS>-3-ptienyli^^ -O-cinnamoyl. -0-(acetyl-phenyl). -0-(2-thiophene- 
sulfenyO, -S-^-Cg attcyl). -SM, -S-Phenyl, -S-Benzyl. -S-furfuryl, -NH^ -N 3 , -NHCOCH 3 , 
-NHCOCHaa, -NHCOCH2CH3. -NHCOCF3, -NHCOCHfCH^ -MHOO-OfCM^, 
•NHCO(eyctopiopan«).-NHCO(cyelohexane). -NHCOCH«CH 2 , -NHCO-Phenyl, -NH(2-1u- 
royO. -NH-(AMjenzo-(2R.3SH3-phenyli80serlne), -NH-(clnnamoyO. -NH-(acetyl-phenyl). -NH- 
(2-thiophenesultonyOj^F, -O, I, -CH^O^ and methyl; Rj isabsent methylene, or <— ~ - 
oxygen; R 7 is hydrogenr.R 8 is a radical selected from the group represented by the for- 
mulas; 
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R,a is a radicaJ s lacted from the group consisting of hydrogen, methyl or a protecting 
group, preferably fert-butyldiphenylsilyl, te* butyldlmethytsifyt. trimethytsityl, acetyl, benzoyl. 
ter*butoxycarbonyl and a group represented by any one of the following formulae: 



OH 




or a salt thereof where a salt-forming group is f 
where, in the above structures, *a* can be either absent or a single bond; 'b - can be either a 
single or double bond; V can be either absent or a single bond; "d - can be either absent or 
a single bond, and the following provisos pertain: 

a. If R 2 is methylene, then R 3 is methylene; 

b. if R 2 and R 3 are both methylene, then ' a ■ is a single bond; 

c. if R 2 and R 3 are selected from the group consisting of hydrogen and methyl, then 
the single bond 1 a B is absent; 

d. if n is 3, R 2 is methyl, R 3 is methyl, R5 is selected from the group consisting of 
methyl and hydrogen, R Q is oxygen, R 7 is hydrogen, R 8 is represented by the 
formula: 



V 




wherein H, is hydrogen, end R, 0 is represented by the formula 

') 

then R«| and R 4 cannot both be simultaneously hydrogen or methyl or acetyl; 
if R$ is oxygen, then *c* and "d a are both a sing! bond and V is a single bond: 

f. if R Q is absent then B c" and 'd' are absent and *b* is a doubl bond; and 

g. If "b-isadouW bond then fy, m c\ and "d* are absent 
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2. A compound of the formula I according to claim I, wherein n, a, b, c, d. R„ Rt.R3.R4, 
R#, Rr and R« have the meanings given in daim I, or a salt thereof where a salt-forming 
group is present, with the exception of a compound of the formula I wherein 
n is 3; 

R1 is hydrogen, methyl, acetyl, benzoyl, trialkyt silyl or benzyl; 
Ra is methyl; 
Ra is methyl; 

R* is hydrogen, methyl, acetyl, benzoyl, triaJkyf silyl or benzyl; 
Rs is hydrogen or methyl; 
Rt is O or 

R# is absent and a is a double bond; 
R 7 is hydrogen; 



Ra is a radical of the formula 




wherein 

R» is a radical selected from the group consisting of hydrogen and methyl; 
and R 10 is a radical represented by the formula: 

3. A compound according to claim I, represented by formula II. 




wherein n is one to five, 

Ri is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R4 is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
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Rs is a radical selected from th .roup consisting of hydrogen, methyl. -CHO -COOH 
C0 2 Me, -COaderfbutyl). -C0 2 (/sc.propy1), .C0 2 (phenyl). -C0 2 (be«yl). -CON^furfuryt) - 

C^r^S^'^ 130 ^' ■ C0N * n *^ -CONfethyO^ -CONH(ben^ . 
CHaRn^CH^Haand HCSC ^hereR^iaaradicalselectedfrornmegrouT^ 

consisting of -OH. -O-Trityl. -0.(0, -C 8 alkyl). -O-benzyl. -O-allyl. .(^COCH,. -OC0CH,a 
-O^OCHaCHg, -0-COCF 3 , ^OCH(CH3) 2 . -O-COCfCH^, ^(cyclopropane), ' 
OCO(cyciohexane). -O-C0CH=CH 2 . -O-CO-pheny., -O-fMuroyl), 0-(Mbenzo-(2R 3S)-3- 
Phenylaoserine). -O-cinnamoyl. -0-(acety|.phenyO, -0-(2-thiophenesuifonyl). -S-fC^ 
alkyl). -SH. -S-Phenyl. -S-Benzyl. -S-furfuryl. -NH 2 , -Ng. •NHCOCH3, -NHCCOHgCI 
-NHCOCHgCHg. -NHCOCF3, -NHC0CH(CH3) 2 . -NHCO^CHafc, -NHCOfcycloprbpane) 
•NHCX)(cyclohexane). -NHCOCH»CH 2 , -NHCO-phenyl. -NH(2-furoyl). -HH-lN^no. ' 
(2R.3S).3-phenyllsoeerine). -NH-(cinnamoyO. -NH.(acetyH>henyl). .NH.<2-thiophene*ul. 
tenyD. -F. -a. I. CHaCO^H. -(C,^ alkyl) and methyl; 
and R,, is a radical selected from the group represented by the formulae: 

q O-flsc 

^y>- ■■ 
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with the proviso that if Rs is either methyl or hydrogen and R10 is represented by the 
following formula: 




then R, and R* cannot simultaneously be hydrogen or methyl or acetyl. 

4. A compound of the formula II according to claim 3, wherein the compound has the 
formula lla 




OR, 



wherein n is 3 and Ri, R* R» and Ri 0 are as defined in claim 3, or a salt thereof where a 
salt-forming group is present 



5. A compound according to ciaim 3 of the formula 



WO 98/23*29 

PCT/EP*W70U 

-135- 




wherein R 10 is as defined in claim 3 and R s is -CHaF, -CHaCI, CHaOOCCH 3 , -CHjCH, or - 
CHsCH* 



6. A compound according to claim 5 of the formula 




wherein R, is -CHJF, -CHaO, CHaOOCCH* -CHjCHj or -CH-CH,. 
7. A compound according to claim 1 of the formula 111, 




(111) 



OR, 



wherein n preferably is one to five; 

Ri is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R4 is a radical selected from th group consisting of hydrogen, methyl or a protecting group, 
Ri is a radical selected from the group consisting of hydrogen, methyl, -CHO, -COOH, . 
C0 2 Me, -C0 2 (f*rtbutyl), -CCtytevpropyi), -C0 2 (pheny1), -(^(benzyl), -CONH(furfuryl) t • 
C0 2 (^benzo-(2R,3S)-3-phefTytisoserine), -CON(methyf) 2 , -CON(ethyf) 2 . -CONHfbenzyi), 
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and -CH 2 R, 1f ;or in a broader aspect also from -CH«CH 2 and HC5C- ; where R n is a 
radical selected from the group consisting of -OH. -O-Trityl. -O-fC, alkyl), -O-benzyl -O- 
allyt, -O-COCH3. -OCOCH^, -O-COCHjCHg, -OCOCF 3 , -0-COCH(CH3) 2 , 
-O-CO-CICH^g. -0-CO(cydopropan9),-OCO(cyctofiexane), -O-C0CH«CH 2 , 
-O-CO-phenyl. -O-(2-furoy0. •0-(Mbenzo.(2R,3S)^.phenylisoserine), -O-cinnamoyl, 
-O-(acety|.pheny0. -0-(2-thfopheneau«bnyl). -S-^-Cg alkyl), -SH, -S-Phenyl. -S-Benzyl - 
S-furturyl, -NH 2 , -N^ -NHCOCH 3> -NHCOCHgCI, -NHCOCHgCHg. -NHCOCF3, 
-NHCOCH(CH3) 2> -NHCO^tCH^, -NHCO(cydopropane),.NHCO(cyctoh e xane). 
-NHCOCH-CH 2 , -NHCO-phenyl, -NH(2-furoyf), -NH-(AM)enzo-(2R^S)-3.phenylisosertne). 
-NH-(cinnamoyl). -NH-(acety)-phenyO. -NH-(2-thiophenesulfonyf). -F, -CI. -I. CH^H ; and 
from -(Ci-Cq alkyl) and methyl; 

and Rio is a radical selected from the group represented by the formulae: 
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then Ri and R* cannot simultaneously be hydrogen or methyl or acetyl; 
or a salt thereof If a aalt-froming group is present 



8. A compound of formula III according to claim 7 wherein R* is -CHjF, -CHjCI, 
CHaOOCCH,, -CH^H, or -CH-O^the double bond with the wavered line is in cis form and 
the remaining moieties are as defined in claim 7. 

9. A compound according to claim 1 of the formula IV 




(IV) 



wherein R, is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, 

R« is a radical selected from the group consisting of hydrogen, methyl or a protecting group. 
R$ is a radical selected from the group consisting of hydrogen and methyl, 
Rio is a radical selected from th group represented by th formulae: 
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N 3 



: 0-Rx 



R* is a radical selected from hydrogen and methyl; 

Ri is hydrogen and methyl; and Rt is hydrogen or methyl; 

with the following provisos that 

if Rj and Rt ars hydrogen or methyl, then the single bond 'a' is absent; and if R» is methyl 
or hydrogen and R, 0 is represented by the formula 





then Ri and R* cannot simultaneously be hydrogen or methyl or acetyl; 
or a salt thereof if a aait-fromin g group is present 
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10. A compound according to claim 1 of the formula V 



w OR, ° 

wherein R, is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, 

FU is a radical selected from the group consisting of hydrogen, methyl or a protecting 
Rs is a radical selected from the group consisting of hydrogen and methyl, 
Rio is a radical selected from the group represented by the formulae: 
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R, is a radical selected from hydrogen, methylene or methyl; 

Ra »s hydrogen, methylene or methyl; and R# is hydrogen or methyl; 

with the following provisos that 

if R 3 is methylene, then R a is methylene; if R, and R a are methylene, then R, and R a are 
chemically bonded to each other through a single bond "a"; if R* and R, are hydrogen or 
methyl, then the single bond V is absent; and if R, is methyl or hydrogen and R, 0 is 
represented by the formula 



then R, and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

11 . A macrolactonization procedure for synthesizing epothilone and epothilone analogs 
represented by the following structure: 



0 OR, 0 

wherein R, is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, especially selected from the group consisting of tert-butyttimethylsiJyt, 
trimethyfsilyl, acetyl, benzoyl and tert-butoxycarbonyl, R* is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butytdimethytoilyt, trimethytsifyl, acetyl, benzoyl and tert-butoxy- 
carbonyl, R, is a radical selected from the group consisting of hydrogen, methyl, -CHrOH, - 
CHjQ or -CHiCQjH, or (further or alternatively to th preceding moieties) is -CHjF, 




wherein Rx is acyl; 




N 
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-CH=CH a or HC2C- , and R, 0 is a radical selected from the group represented by th 
formulae: 

— i^Cj — - .wherein said 
synthesis is initiated by condensing a keto acid represented by the following formula: 

0 R,0 O 

with an aldehyde represented by the following structure: 




wherein R 19 is a protecting group, for producing a carboxyfic acid with a free hydroxyl moiety 
represented by the following structure: 




OR, 0 

the synthesis is then continued by dertvattzing the free hydroxyl moiety of the above 
carboxyUe add with a dertvatfcing agent represented by the formula R»-X wherein Rr* is a 
reactive reagent for introducing a protecting group or methyl iodide, for producing a 
protected or dertvattzed carboxyiic add represented by the following structure 
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th R s protected hydroxy! moiety of the above derivatized carboxyiic acid is then 
regioselectively deprotected for producing a hydroxy acid with the following structure 

ft 



the above hydroxy acid is then macrolactonized for producing a macrotide with the following 
structure: 



the synthesis is then completed by epoxfdteing the above macrolide for producing the 
epothitone or epothiione analog of the formula VI. 

12. A method of synthesis for epothiione B according to claim 11, characterized in that the 
starting materials with the corresponding substftuents, where required, in protected form, 
are used, and any protecting group or groups is or are removed. 

1 3. A method employing a macroiactonization approach for synthesizing a compound of the 





formula X 




O OR, o 
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wherein each of R, and R4 is. independently of the other, hydrogen, methyl or a protecting 
group, R s is a radical selected from the group consisting of hydrogen, methyl, -CHO, 
-COOH, -C0 2 Me, -C0 2 (te* butyl), -C0 2 (/so-propyl), -C0 2 (phenyl), -C0 2 (benzyi), 
-CONH(furfuryl), -C0 2 (rV.ben20.(2R,3S).3.phenylisoserine), -CON(methyf) 2 , -CON (ethyl) 2 . 
-CONHfbenzyl), -CH»CH 2 , HC=C- . and -CH 2 R 1 1 ; R 1 1 is a radical selected from the 

group consisting of -OH, -O-Trityl, -O-^-Cq alkyO. -<C r C 6 alkyl), -O-benzyl, -O-attyl, 
-O-COCH3, -0-COCH 2 CI. -0-COCH 2 CH 3 , .0-COCF 3 , .<>COCH(CH3) 2 , ^O-CfCr^, 
-0-CO(cyctopropane),-OCO(cydohexane), -0-COCH-CH 2 , -OCOPhenyl, -0-(2-furoyl), 
-0-(/V-ben2o-(2R,3S)-3-phenyiisoserine), -O-cinnamoyl, -0-(acetyf-phenyl), -0-(2-thiophene- 
sulfonyi), -S-CC^q alkyl). -SH, -S-Phenyl, -S-Benzyl, -S-furfuryl, -NH 2 , -N 3l -NHCOCH 3 , 
-NHCOCH 2 CI. -NHCCX^H^, -NHCOCF 3 , -NHCOCHfCRj)* -NHC^fCH^, 
-NHCO(cyctopropane),-NHCO(cyclohexane), -NHCOCH«CH 2 , -NHCO-Phenyt, -NH(2-fu- 
royl), -NH-(AV-benro-(2R,3S)-3-phenyHaoserine), -NH-(cinnarnoyO, -NH-(acety1-phenyO. -NH- 
(2-thiophenesulfbnyO, -F, I, -CH 2 C0 2 H and methyl; and R, 0 is one of the radicals of th 
formulae 




wherein the synthesis is initiated by condensing a ketone of the formula 




0 *V 

wherein Rs is hydrogen or methyl or a protecting group; with an aldehyde of the formula 




wherein R 1S is a protecting group for producing a ^hydroxy ketone, with a free rtydroxyi 
moiety and a Rn protected hydroxyl moiety, of th formula 
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OR,, 
OR, OR,, 

the free hydroxy* moiety of this p-hydroxy ketone is then derivatized with a derivatizing 
agent R4-X wherein R4-X is a reactive agent for the introduction of a protecting group, or 
methyl iodide or methyl sulfate, for producing a protected or derivatized p-hydroxy ketone of 
the formula 




OR,, 
O OR, OR,, 

the Ris protected hydroxy! moiety of this protected or derivatized ^-hydroxy ketone is then 
regioselectrvery deprotected for producing a terminal alcohol with the following structure: 




O OR, OH 

this terminal alcohol is then oxidized for producing a derivatized carboxylic add with a R« 
protected hydroxy! moiety of the formula 
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this compound is then deproteded regioseiectively by removalofth protecting group fl to 
yield a hydroxy acid of the formula: 9 9 P " ,0 



ft 




this hydroxy add is then macrolactonized to yield a macrolide of the formula 

ft 




OR, 0 

and the synthesis is then completed by epoxidiang the above macrolide for pmducing the 
epothilone compound of the formula X. or a salt thereof where salt-forming groups are 
present, any substrtutents in the intermediates have the meanings given under formula X if 
not mentioned otherwise. 

1 4. The process according to daim 13 tor the synthesis of epothilone B characterized in 
tnat the starting materials with the corresponding substituents. where required, in protected 
form, are used, and any protecting group or groups is or are removed. 

1 3. A process for synthesizing an epothilone analog, or a salt thereof, having an epoxide 
and an aromatic substituted wherein a first epothilone intermediate and an aromatic 
stannane are coupled by means of a Stille coupling reaction to produce a second 
epothilone intermediate, and said first epothilone intermediate is represented by the 
following structure: 
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compound 
n-BUjSn' 



(XI) 



0 OR, 6 

wherein R, is methyl or hydrogen, while ft, and * are, each independently of the other 
selected from hydrogen, methyl or a protecting group, and the aromatic stannane is a ' 
compound represented by one of the following structures: 



N 

N S 



" N H 
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\ 

V""^/ .and (in a broader aspect of the invention) ^JT . 

N 




wherein Rx is acyi, especially tower aJkanoyi, such as acetyl; 



and wherein the other moieties are as defined under formula XI, 

and. in a second step of this process, the cis olefin of the second epothilone intermediate is 
epoxidized to produce the epothilone analog represented by the following structure: 

ft 



(XIII) 




0 OR, 0 



wherein Rt. R* and R, are as defined under formula XI, while R 10 is as defined under 
formula XII; and. if desired, any protecting group(a) can be removed. 
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FIGURE 6 
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FIGURE 1 1 
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FIGURE 15 
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